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TO THE MEMORY OF MY FATHER 
PREFACE 
The effect of the cation-to-anion resin ratio on 
mixed bed performance was studied at ultra-low solution 
concentrations. The effect was tested using the effluent 
concentration histories as a function of bed position and 
time for a laboratory scale continuous flow column until 
the cation and anion-exchange resins were exhausted. 
Since the pressure drop due to the ion-exchange 
resin within the bed increased as time elapsed, an upward 
flow system was used~ The breakthrough curves using the 
shallow-bed technique gave some detailed results: the 
shape of the breakthrough curves at different positions 
as a function of time; the movement of crossover points 
of sodium and chloride breakthrough curves as a function 
of resin ratio; effects of cation resin on the chlor1de 
breakthrough curve and anion resin on the sodium 
breakthrough curve; effect of bed homogeneity; and the 
effects on an unmixed bed. 
The primary objective of this study is to test the 
existing mixed-bed model of Haub and Foutch (1986a) with 
experimental data. When the experimental data were 
compared with the model, the results showed that the 
model predicted mixed-bed ion-exchange behavior with 
iii 
proper ionic-diffusion coefficients or mass-transfer 
coefficients. The mathematical model shows that the 
ionic-diffusion coefficients or mass-transfer 
coefficients influence the general shape of breakthrough 
curves. The ionic-diffusion coefficients of Robinson and 
Stokes (1959) or the mass-transfer coefficients of 
Kataoka, et al. (1972), are larger than the actual values 
observed during experimentation. Thus, to fit the actual 
data well, ionic-diffusion coefficients or mass-transfer 
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NOMENCLATURE 
A Constant in Equation (3) 











Constan5 for diffusivity of i in Equation ( 9) 1 
em fsecfmeq 
Concentration of species i in liquid phase, 
Concentration of species i in solid phase, 
Axial diffusion or dispersion coefficient, 
Effective liquid phase diffusivity, cm2;sec 
Diffusion coefficient of species i, cm2;sec 
Bed void fraction 
Faraday, 96,500 Cfequiv 




Selectivity coefficient for ion B in the solution 
replacing ion A in the resin phase 
Liquid-phase mass-transfer coefficient, cmfsec 
Constant in Equation (10) 
n+,n- Valencies of cation and anion, respectively 
q 
R 
Limiting ionic conductancesj 
(Afcm2 ) (Vfcm) (equivfcm ) 
Gas constant, 8.314 Jf(mol.K) 
Cation-to-anion dry resin ratio 
Reynolds number 
xiii 
Sc Schmidt number 
T Temperature, K 
t Time, sec 
u Superficial Solution Velocity, cmfsec 
Yi Equivalent fraction of species i in resin phase 
z Distance from column inlet, em 
Greek Letters 
B1 ,B2 Ratio of existing to entering ion diffusiv1ties 
Superscripts 
* Interfacial equilibrium condition 
o Bulk phase condition 
r Reaction plane condition 
Subscripts 
Cl Chloride ion 
H Hydrogen ion 
Na Sodium ion 




The mixed-bed ion-exchange process was discovered 
during World War II by the Permutit technologists of New 
York. However, o~ly small-sized mixed-bed demineralizers 
were used with the resins discarded after use (Martin, 
1952). The advent of spherical bead anion-exchange 
resins with different densities from cation-exchange 
resins (Chemical Engineering Progress, 1948) allowed 
separation and regeneration by the hydraulic method. 
Since then, the mixed-bed ion-exchange process has been 
used extensively in condensate-purification units for 
applications in the power, electronics, and chemical 
industries. 
The mixed-bed ion-exchange process has been used 
predominantly in water treatment in several industries 
because this process provides an economical and 
convenient method to produce ultrapure water. This 
process is equivalent to operating an infinite number of 
two stage cation and anion exchanges in series. In 
removing salt from the solution, the selectivity 
coefficient for salt ions is infinite and therefore, the 
1 
2 
efficiency of mixed beds is better than cation and anion 
beds in series. A single column, filled with an 
intimately mixed strong acid and strong base ion-exchange 
resins, produces water with conductivity as low as 0.04 
micro-siemens per centimeter (Grimshaw and Harland, 
1975), even lower than the conductivity of pure water, 
0.055 micro-siemens per centimeter at 25°C reported by 
Grammont, et al. (1986), and Saunders (1988). Here, 
mixed beds use both cation-exchange resin in the hydrogen 
form and anion-exchange resin in the hydroxide form to 
produce ultrapure water. 
Average sodium and chloride concentrations of less 
than 1 part per billion in the polisher effluent is 
required as boiler feedwater (Darji and McGilbra, 1980). 
Electric power-generation facilities need large volumes 
of pure water. Thus ion-exchange systems using deep-
mixed beds of bead-form resin supply ultrapure water to 
industry (Harries, 1988). 
Extens1ve use of mixed-bed ion exchange requires 
manufacturers to make high capacity resins for hundreds 
of applications. The theory of ion exchange accompanied 
by chemical reaction is far behind the corresponding 
existing technology. Thus, theoretical models and 
experimentation, that describe the actual industrial 
processes, are necessary to develop the basic 
understanding of this technology. 
3 
The overall objective of this research is to 
determine how key parameters influence mixed-bed ion 
exchange at ultra-low solution concentrations. To 
fulfill this objective, a rigorous theoretical model is 
derived, the actual system tested experimentally, and the 
data evaluated with the physical process model. 
Haub and Foutch (1986a,b) derived a mathematical 
model for the mixed-bed ion-exchange process operating in 
the hydrogen cycle at ultra-low solution concentration. 
Thus, the primary object1ve of this study is to test 
experimentally the theoretical model which Haub and 
Foutch (1986a,b) derived. Experiments are performed to 
determine ion concentrations as a function of position 
and time in a mixed-bed column for concentration ranges 
below 10-4 M. Since ultrapure water is used, very 
precise data should be obtained. Experimental data 
should show accuracy and precision to show the adequacy 
of the experimentation. 
Mixed-bed ion-exchange columns have been tested for 
cation and anion concentration ranges of 10-4 to 10-6 M, 
various cation and anion-resin ratios, regeneration 
effect of the resins, and different flow rates. Since 
ultra-low concentrations are treated, ion breakthrough 
can take a long time for relatively low flow rates. 
Thus, this study specifically concentrates on the effect 
of variations of cation and anion-exchange resin ratios 
4 
on the effluent concentrations as a function of column 
position and time. This includes the effects of bed 
homogeneity, unmixed bed, and oppositely-charged exchange 
resin on the breakthrough curve. Other parameters are 
recommended for future study. 
The experimental results are compared with the model 
of Haub and Foutch (1986a,b). Using the different ionic-
diffusion coefficients from investigators (Robinson and 
Stokes, 1959, Zecchini, 1989), and the different mass-
transfer coefficients from Kataoka, et al. (1972), 
experimental data are discussed to describe the system. 
The deviations between these values are discussed to give 
better predictions for future study. 
CHAPTER II 
LITERATURE REVIEW 
A comprehensive literature survey of ion exchange 
for the mixed-bed process has been completed by Haub 
(1984) and includes ion-exchange fundamentals, rate laws, 
column models, and mixed-bed modeling. Several 
references and classical books by Helfferich (1962, 
1966), Kunin (1960), and Grimshaw and Harland (1975) 
review basic definitions and principles of ion exchange. 
The kinetic theories describing ion-exchange rates 
required in the column models are found in these 
references, as are discussions of the mixed-bed modeling 
with ion-exchange theory. This literature review updates 
Haub's thesis. 
This chapter will review the properties of water and 
salt solutions. The equilibrium of mixed-bed ion 
exchange is described. Ion-exchange equilibr1a and 
kinetic approaches are reviewed. The mathematical models 
of the ion-exchange process are also reviewed. Finally, 




Mixed-Bed Ion-Exchange Chemistry 
Hydrogen and oxygen atoms react to form water with a 
large energy release of 286 KJ/mole (liquid), so water is 
a stable molecule that has little tendency to dissociate 
to its elements. However, a water molecule is polar. 
This means that the water molecule tends to orient around 
' 
an electrically charged ion to reduce the electric field 
of the ion. This property makes water a good solvent for 
ionized substances. 
A crystal of mineral salt consists of positively 
charged cations and negatively charged anions held 
together in a crystal lattice. When this crystal is 
placed in water, the surrounding polar water molecules 
reduce the attractive force between cation and anion, 
break up the lattice, and dissolve the salt. Water 
dissolves all salts, acids, and bases to some extent 
(Saunders, 1988). Thus, water can contain salt ions, and 
these can be removed if necessary. One of the separation 
methods is the ion-exchange process which uses sites 
within polymeric structures or naturally occurring 
materials. Produced water from an ion-exchange process 
is purified, and the quality of the high-purity water is 
expressed by means of e1ther conductivity, a quantitative 
measure of the ability to pass electric current with 
units of micro-siemens per centimeter, or resistivity, 
the reciprocal of conductivity with units of megaohm 
centimeter. 
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The process in the mixed bed is a combination of 
salt splitting and neutralization, and expressed as 
"crossed equilibria," which is salt splitting by the 
strong acid cation exchanger followed by neutralization 
with the strong base anion exchanger, or the converse. 
These are written in the mass action expression and shown 
in Figures 1 and 2 (Hill and Lorch, 1988). As shown in 
these figures, four reactions occur simultaneously in the 
bed. Due to the simultaneous removal of both cations and 
anions, neutralization occurs which cannot be obtained 
from separate beds. The end product is water, and the 
quality can be increased by repeated stages. The mixed-
bed column consists of counterless number of cation and 
anion-exchange units in series, and the ion concentration 
decreases analogous to the theoretical plate concept of 
distillation. The solution quality of a mixed bed is 
much higher than that of multiple bed systems, and the 
specific resistance of the effluent solution reaches 
theoretical maximum for water of 18.28 megaohm cent1meter 
when hydrogen-form strong-acid resin and hydroxide-form 
strong-base resin are used. 
Ion-Exchange Kinetics 
Nachod and Wood (1944) tried to elucidate the rate-
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controlling mechanism of the ion-exchange process. For 
various cation and anion exchangers at various 
temperatures, they found that the reaction mechanism was 
a group of second-order bimolecular reactions. To 
understand this heterogeneous process quantitatively, the 
mechanism of the rate-controlling process should be 
studied. Ion-exchange rates are believed to be 
determined by mass transfer steps; such as through a thin 
liquid film or through the particle; or by velocity of 
chemical exchange inside the particle. Boyd, et al. 
(1947), believed the 1on-exchange rate is governed by a 
diffusion process. Bieber, et al. (1954), demonstrated, 
using the shallow bed technique, that the effect of 
chemical kinetics is negligible compared to the other 
steps. Although Streat (1984) claimed that the chemical 
reaction between the counterions and the fixed exchange 
sites is possible as a rate-controlling mechanism in 
certain cases, it is generally admitted that either 
particle or film diffusion or both control the ion-
exchange rate-determining mechanism. Thus, ion-exchange 
kinetics has been usually described by a dif£usional mass 
transfer mechan1sm between ion exchanger and solution. 
This is controlled by either interdiffusion of the two 
species of exchang1ng ions within the exchanger, or 
liquid concentration gradient (Nernst film) adherent to 
the exchanger surface, or in both regions simultaneously. 
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Since these controlling steps occur in series, the slower 
of these two will be the controlling resistance to ion 
exchange. 
Boyd, et al. (1947), and Reichenberg (1953) 
concluded that solution concentrations determine the rate 
controlling step, and the step was elucidated as a 
function of inlet concentration by Boyd, et al. (1947), 
and Adamson and Grossman (1949). They found that film 
diffusion is rate controlling for very low solution 
concentration, while at higher concentrations particle 
diffusion is rate controlling. However, the rate-
controlling step is not determined by only solution 
concentration. Helfferich (1962) derived the criterion 
theoretically to determine the controlling step by 
considering ion-exchange capacity, particle size, film 
thickness, diffusion coefficients, and separation factor 
as well as solution concentration. 
It is mentioned by Haub (1984) that film diffusion 
is more complex than particle diffusion as the effects of 
mobile coions within the film must be considered. 
However, particle diffusion is more complex from a 
quantitative point of view, because only a small fraction 
of the particle interior is available as a diffusion 
medium and a large fraction occupied by the exchanger 
matrix leads to steric hindrance and tortuous diffusion 
paths (Streat, 1984). 
12 
Film Diffusion 
Film diffusion rate controlling assumes that the 
exchange rate depends on the diffusion rate of ions 
through a very thin film of stagnant solution surrounding 
the particle, and that the concentrations both 1n the 
external solution and throughout the resin are uniform. 
Thus, the only concentration gradients exist across the 
film of the hydrostatic boundary layer. Parameters such 
as temperature or liquid velocity control the film 
th1ckness, and the film thickness affects this mechanism. 
Thinner film gives a higher mass-transfer rate. 
Early cation-exchange kinetic studies (Boyd, et al., 
1947, Gilliland and Baddour, 1953) concluded that the 
exchange process is controlled by liquid-film diffus1on 
at solution concentrations less than 0.01 M. Later, 
other investigators (Frisch and Kunin, 1960; Kuo and 
David, 1963; Blickenstaff, et al., 1967a,b; Turner and 
Snowdon, 1968; Gomez-Vaillard, et al., 1981a,b) verified 
this by experiments. 
Film diffusion can be represented by two kinds of 
models, ordinary and ionic film-diffusion (Glaski and 
Dranoff, 1963). The ordinary film-diffusion model uses 
Pick's law by assuming steady-state diffusion (Boyd, et 
al., 1947, Adamson and Grossman, 1949). However, this 
approach is good for isotopic exchange because of no 
diffusivity coefficient difference between counterions 
13 
(Huang and Tsai, 1977, Tsai, 1982a). The ionic film-
diffusion model considers the electrostatic potential 
gradients as well as concentration gradients. This 
approach was suggested by Schloegl and Helfferich (1957), 
and used the Nernst-Planck equation. Smith and Dranoff 
(1964) measured the exchange rate of H+ and Na+ ions in a 
batch reactor and compared the experimental data with 
predictions based on the Nernst-Planck equations. 
Helfferich (1965) was the first who considered the 
effects of accompanying reactions. Blickenstaff, et al. 
(1967a), and Graham and Dranoff (1972) made an 
experimental study of the neutralization of a strong-acid 
ion exchanger by strong base solutions and a strong-base 
ion exchanger by strong acid solutions, respectively, 
using a well-stirred batch reactor. The1r experimental 
data showed a strong verification of the model suggested 
by Helfferich (1965) for ion exchange coupled with 
irreversible reaction 1n film-diffusion control. 
Kataoka, et al. (1968), proposed an estimating 
equation for the liquid-phase effective diffusivity based 
on the film model, and then applied the hydraulic-radius 
model to compare the diffusivity (Kataoka, et al., 1973a) 
since the hydraulic-radius model looked preferable to the 
boundary-layer model for the hydraulic situation in 
packed bed. Later, Kataoka, et al. (1976c), extended 
this mechanism to ion exchange accompanied by 
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irreversible reaction. They derived the theoretical 
equations of liquid-phase effective diffusivity and the 
ratio of exchange rate with or without reaction, and 
verified the concept by experimental results. By 
considering the effects of the electric field and 
nonlinear isotherms, they studied the breakthrough curves 
in equal valence ion exchange (Kataoka, et al., 1976b) 
and ion exchange between divalent ions and monovalent 
ions (Kataoka, et al., 1977a). Recently, Kataoka, et al. 
(1987), analyzed a ternary system using the Nernst-Planck 
equation. 
Van Brocklin and David (1972, 1975) claimed the two-
dimensional boundary-layer model with ionic migration is 
appropriate in packed-bed ~on exchange where flow rates 
are relatively low. They studied ionic migration effect 
by a ratio of electrolyte to nonelectrolyte mass-transfer 
coefficients using the Nernst-Planck equation and Fick's 
law, respectively. Haub and Foutch (1986a) extended 
liquid resistance-controlled reactive ion-exchange theory 
to very low solution concentrations, and used the ratio 
to explain bed parameters. They considered the effect of 
water dissociation as well as electric-potential gradient 
and concentration gradient on the ion-exchange rate. 
Particle Diffusion 
For particle-diffusion control, resistance to mass 
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transfer in the liquid phase is neglected. This step is 
mainly due to; high solution concentrations, large 
particle diameter, high degree of cross-linking of the 
beads, low concentration of fixed ionic groups, and 
vigorous solution agitation. Film-diffusion control is 
the opposite of these conditions (Helfferich and Plesset, 
1958, Rao and Gupta, 1982b). 
Early investigators proposed theoretically 
asymptotic solutions to describe equilibria with this 
controlling mechanism; favorable (Glueckauf and Coates, 
1947), unfavorable (Hiester and Vermeulen, 1952), linear 
(Thomas, 1951), and irreversible (Vermeulen, 1953). 
Lapidus and Rosen (1954) conducted experimental 
investigations ~nd found; for lower concentrations the 
band in the breakthrough curve diffuses as the front 
progresses down the column because of linearity of the 
isotherm, while for higher concentrations the 
breakthrough curve showed only slight variation in shape 
due to the favorable isotherm. 
Ion-exchange kinetics are usually represented by 
Fick's law for this mechanism with a constant effective 
diffusion coefficient for the binary systems, or by 
theoretically correct and experimentally confirmed 
Nernst-Planck equations (Helfferich and Plesset, 1958; 
Plesset, et al., 1958; Helfferich, 1962; Rao and Gupta, 
1982a). Hering and Bliss (1963) measured ion-exchange 
rates for six ion pairs and interpreted data with a 
Pick's law model and a Nernst-Planck model. They found 
both models represented the results well. The Nernst-
Planck model described the diffusion phenomenon, while 
the Pick's law model was suitable for the design of a 
commercial unit because of ease in fixed-bed design 
calculations. Later, Morig and Rao (1965) modified the 
Nernst-Planck model by adding self-diffusion curves for 
the ions. Cooper (1965) derived a general solution for 
the ion-exchange column with irreversible equilibrium. 
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He solved the time dependent equation for several 
diffusion models. In addition to the exact solution, 
several approximations were examined because of 
mathematical simplicity. Petruzzelli, et al. (1987a), 
reviewed the state-of-the-art mathematical models with 
intraparticle rate control. By the kinetics of chloride-
sulfate reverse exchange and sulfate self-exchange at 
high salinity, Petruzzelli, et al. (1987b), showed that 
intraparticle diffusion controls the mechan1sm. The 
transient concentration profiles of these exchanges in 
the solid phase were directly visualized by 
autorad1ography and light m1croscopy (Petruzzelll, et 
al., 1988). 
To describe ion exchange with particle diffusion or 
film diffusion control accurate diffusion coefficients 
are needed. The effective diffusivity for an ion is a 
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function of the other ion (coion) present in the resin. 
Even the self-diffusion coefficient, which is normally 
used in the Nernst-Planck equation, varies with 
composition and type of coions (Graham and Dranoff, 
1982a). Kataoka, et al. (1974), developed an equation to 
estimate resin phase diffusivities in isotopic ion 
exchange. They applied this equation to estimate 
diffusivities between different ions which accompanied by 
resin volume change (1975), and resin phase self-
diffusivity (1976a). Goto, et al. (1981a,b), proposed a 
method to evaluate both the interphase mass transfer 
coeffic1ent and the intraparticle diffusivity 
simultaneously in batchwise stirred tanks using linear 
and nonlinear isotherms. Smith (1985) developed a moment 
analysis scheme for the straightforward calculation of 
self-diffusivity coefficients of counterions. 
Besides film-diffusion control, Blickenstaff, et 
al. (1967b), and Graham and Dranoff (1972) collected 
consistent experimental data for particle-diffus1on 
control with Helfferich (1965) of the neutralization of a 
strong-ac1d ion exchanger by strong base solutions and a 
strong-base ion exchanger by strong ac1d solut1ons, 
respectively. They used a well-stirred batch reactor, 
except explaining the effects of different coions. 
Kataoka, et al. (1977c), proposed a model for 
intraparticle mass transfer coupled with irreversible 
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reaction. The numerical solutions of this model were 
compared with the Nernst-Planck equation, and verified by 
the experimental results. Kataoka, et al. (1977b, 1978), 
suggested theoretical breakthrough curves where 
equilibrium constant is infinite. They evaluated the 
effect of electric field by the diffusivity difference on 
breakthrough curves by applying the Nernst-Planck 
equation. They verified their theoretical values with 
experimental results. 
Bajpai,,et al. (1974), and Yoshida and Kataoka 
(1987) extended this controlling mechanism to a ternary 
system. They showed by experiments that the Nernst-
Planck equation can be used to this system. Hwang and 
Helfferich (1987) developed a generalized model for 
multispecies systems with fast and reversible reactions. 
They set up a computer program of the model based on the 
Nernst-Planck equations and a reaction matrix composed of 
stoichiometric coefficients and reaction-coupling 
factors. Shallcross, et al. (1988), proposed a semi-
theoretical model with a thermodynamic basis to describe 
multicomponent ion exchange equilibria. They applied the 
Pitzer approach to the solution nonidealities, and the 
Wilson approach to the resin. They showed that the model 
agrees well with experimental data and more accurate than 
the existing models. Allen, et al. (1989), characterized 
binary and ternary ion-exchange equilibria using the 
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Debye-Hueckel relationship for solution phase activity 
coefficients and the Wilson equation for the resin phase. 
They observed a reciprocal relationship between the two 
Wilson parameters for each pair interaction for binary 
systems. With the Hala constraints, the number of 
parameters required to characterize the system was 
reduced significantly. 
Huang and Li (1973) and Tsai (1982b, 1985) proposed 
mathematical models containing both film and particle 
diffusion with linear and nonlinear concentration 
profiles in the liquid film. They observed the overall 
exchange rate by various parameters, and suggested 
criterion for film and particle-diffusion control. 
Petruzzelli, et al. (1987b), developed a computer program 
which can be applied to rate control by a combination of 
film and particle diffusion. This program calculates the 
rates and concentration profiles of the binary exchange 
of ions of arbitrary valences, diffusivities, and 
selectivity coefficients. 
Mathematical Models 
The reaction mechanism for ion exchange has been 
described mathematically. These models include mass 
action, Pick's first law of diffusion, Nernst-Planck 
equation, and a mass-transfer coefficient of a reversible 
rate constant type. Since the ion-exchange rate in 
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mixed-bed processes usually deals with dilute solutions 
and is believed to be controlled by a liquid-phase mass-
transfer resistance, this section concentrates on the 
liquid-phase mass-transfer mechanism. 
Mass Action Model 
The exchange rate is usually written as a reversible 
second-order reaction. The mass action relationships are 
based on the stoichiometric interchange of equivalent 
amounts of cation or anion in the ion-exchange reaction. 
Early studies of ion-exchange reactions for various 
cation and anion exchangers in dilute solutions by Nachod 
and Wood (1944) showed that the reactions were second-
order, bimolecular reactions. Other investigators 
(Dranoff and Lapidus, 1961; Adamson and Grossman, 1949; 
Gilliland and Baddour, 1953; Hiester and Vermeulen, 1952) 
found that this type of rate equation represents data in 
a satisfactory manner over their system variables. This 
model was especially useful in the multicomponent systems 
of Dranoff and Lapidus (1958, 1961) to calculate the 
kinetic behavior of an ion exchange column. 
Fick's Law Model 
Boyd, et al. (1947), and Adamson and Grossman (1949) 
used Fick's first law for diffusion in the solid and 
liquid phases. This kinetic model, based on a simple 
21 
diffusion process, has received attention because of the 
simplicity and ease for the design of commercial ion 
exchange columns (Hering and Bliss, 1963). This 
molecular diffusion model is more useful for isotopic 
exchange where precise boundary conditions are described, 
and usually needs the assumptions of spherical and 
uniform particle size. Since this model does not 
consider the electrical potential which is normally 
encountered in ion exchange processes, the Nernst-Planck 
model is sometimes recommended. 
Nernst-Planck Model 
When a salt solution is treated, the solutes which 
diffuse in the solution are not molecules but ions. 
Thus, the gradient of electrical potential of the species 
as well as the concentration gradient should be 
considered together to describe the ionic-flux equation. 
The diffusion rate of the exchanging ions varies 
with progression of exchange, and the diffusivities of 
the ions are not equal due to different mobilities of the 
ions. Thus, an electric potential arises within the 
film. The electric field by the counter diffusion of 
ions of d1fferent mobilities slows down the faster ion 
and speeds up the slower ion in order to preserve 
electroneutrality. Helfferich and co-workers (Helfferich 
and Plesset, 1958; Plesset, et al., 1958; Schloegl and 
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Helfferich, 1957) considered the electric field due to 
ion charges. They introduced the Nernst-Planck theory 
which includes the ionic effect on the exchange rate. 
Thus, this model is an ionic film-diffusion model as 
compared to the Fick's law model. Many investigators 
(Glaski and Dranoff, 1963; Hering and Bliss, 1963; 
Helfferich, 1963; Smith and Dranoff, 1964; Morig and Rao, 
1965; Turner and Snowdon, 1968; Bajpai, et al., 1974) 
have used this model to describe binary ion exchange. 
This theory has also been applied to a liquid anion 
exchanger (Kataoka, et al., 1973b) and multicomponent 
systems (Bajpai, et al., 1974; Evangelista and Berardino, 
1986; Hwang and Helfferich, 1987). The original Nernst-
Planck theory was extended to include chemical reaction 
and transport of coions by Helfferich (1965), and 
confirmed experimentally by Rao and Gupta (1982b). 
Since the ion-exchange rate is influenced by the 
diffusivity ratio of the counterions, the equilibrium 
constant, and the valence of counterions and non-
counterions, Kataoka, et al. (1968), derived an 
estimating equation for the liquid phase effective 
diffusivity based on the film model by applying the 
Nernst-Planck equation. Their equation showed good 
agreement with the data from other investigators 
(Gilliland, et al., 1957; Kuo and David, 1963; Moison and 
O'Hern, 1959; Rao and David, 1964). 
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Haub and Foutch (1986a) derived the flux equations 
which consider the neutralization reaction front and 
water dissociation. These flux equations are based on 
the Nernst-Planck theory with the static-film 
hydrodynamic model and nonionic mass-transfer coefficient 
correlations for packed beds. 
Kataoka, et al. (1988), recently developed a theory 
for the case when combined intraparticle and liquid phase 
diffusion resistances exist by applying the Nernst-Planck 
equation. They showed the effect of neutralization when 
the bulk solution contains a neutral salt and an acid or 
a base. 
With the Stefan-Maxwell equations, which described 
diffusion in mixture of ideal gases, Graham and Dranoff 
(1982a,b) develope~ general expressions for the ionic 
flow rates for a binary system of concentrated 
electrolyte solutions in the interior of ion-exchange 
resins. They believed that the resin is composed of a 
matrix, however a quasi-homogeneous state in the resin 
phase is assumed, so some sort of ionic interactions are 
possible especially for high concentration (Graham and 
Dranoff, 1982a, Buck, 1985). Using the limiting tracer 
coefficient instead of self-diffusion coefficient, Graham 
and Dranoff (1982a) and Graham (1985) predicted ion 
exchange better than the Nernst-Planck equation. Later, 
Graham (1985) and Pinto and Graham (1987) extended this 
to multicomponent exchange by considering a significant 
activity coefficient which is normally neglected in 
dilute solutions. Although other theories were 
suggested, the Nernst-Planck theory gives a sensible 
model with simplicity, is believed to be correct, 
especially for dilute electrochemical solutions, and 
provides the best tool for the ion exchange process at 
this time (Turner, 1985, Petruzzelli, et al., 1987a). 
Mass-Transfer Coefficient Model 
The classical method to describe the driving 
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potential between interphases or intraphases is the mass-
' 
transfer coefficient. For packed bed operations, Wilke 
and Hougen (1945) evaluated the mass-transfer coefficient 
for design purposes. Bieber, et al. (1954), used this 
model to study rate mechanisms for cation exchange using 
variables of flow rate, particle size, feed 
concentration, and pH of the feed. Frisch and Kunin 
(1960), who used both mass transfer and diffusivity 
coefficients in a liquid-film mechanism, obtained a 
similar correlation from their experiments of mixed-bed 
ion exchange. 
Carberry (1960) obtained the average mass-transfer 
coefficient in a packed bed of spherical particle using a 
boundary-layer model. He assumed that the boundary layer 
is developed and collapsed over a distance approximately 
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equal to one particle diameter. His mass-transfer 
coefficient was good at moderate Reynolds numbers larger 
than 10, but deviated for lower Reynolds numbers. Thus, 
Kataoka, et al. (1972), applied the hydraulic radius 
model to laminar flow in a packed bed, and proposed a 
reasonable approximation solution to fit the liquid-phase 
mass-transfer coefficients at low Reynolds numbers 
(Re<100). Recently, Haub and Foutch (1986a) used 
Carberry's and Kataoka's correlations for Reynolds 
numbers less than and larger than 20, respectively, to 
calculate nonionic mass transfer coefficients. 
Mixed-Bed Ion Exchange 
For efficient equipment design, Caddell and Moison 
(1954) showed the effect of flow rate in the mixed bed. 
They found that influent concentration, not flow rate, 
affected the capacity of bed to produce high-purity 
water. Frisch and Kunin (1960) performed comprehensive 
experiments for the mixed-bed deionization of 0.0002 to 
0.01 N NaCl solutions at wide ranges of flow rate, bed 
depth, and temperature, and found that the ion-exchange 
rate is limited by a liquid-film control. Kinetic 
studies indicated that the rate of the exchange process 
was controlled by diffusion of the stationary liquid film 
at low electrolyte concentrations normally encountered in 
mixed-bed operation. Tittle, et al. (1980), and Tittle 
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(1981) investigated the effects of regeneration and 
different performance of cation and anion resins. They 
studied actual reactions of mixed bed in a condensate-
polishing plant of industrial scale by placing seven 
point sampling probes in the bed. Tittle (1981) proposed 
correlations of cation and anion concentrations against 
bed depth using a boundary-layer diffusion model. For 
anion exchangers in mixed beds, Harries and Ray (1984) 
claimed, from laboratory column data, that the rate-
controlling step is simple liquid boundary-layer 
diffusion. 
Helfferich (1965, 1966) was the first who presented 
a theoretical analysis of ion-exchange processes 
accompanied by ionic reactions with both neutralization 
and complex formation. He presented eleven 
characteristic examples for the four different types. 
This analysis was continued by Kataoka, et al (1976b). 
They derived equations of liquid-phase effective 
diffusivity and the exchange ratio with chemical reaction 
to that without reaction. They confirmed these equations 
by experimental data. An experimental study was done by 
Rao and Gupta (1982b), and concluded that the 
neutralization rate of weak-base resins is controlled by 
pore diffusion even in dilute solutions, while that of 
strong-acid resins is controlled by film diffusion in 
dilute solutions. 
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Harries (1988) showed that the mass-transfer 
coefficient for sodium is large in alkaline solutions 
while that for chloride is large in acidic solutions. 
From an elemental analysis technique of X-ray 
photoelectron spectroscopy, he pointed out that the 
crushed bead of new and used,strongly basic resins has 
only strongly basic groups in the bulk, but the surface 
of the resins has both strongly and weakly basic groups. 
The strongly basic groups are active over a wide range of 
pHs, but the weakly basic groups are active only in 
acidic solution. Thus, acidic solution can give anion-
exchange resin more active sites than neutral or alkaline 
solution. Therefore, pH affects the mass-transfer 
coefficient for sodium, and this can also be applied to 
the cation exchange resins. Alkaline solution gives 
cation-exchange resins more active sites than neutral or 
acidic solution. For the change of pH from neutral to 
acidic, the mass-transfer coefficient for chloride 
increased sharper than the mass-transfer coefficient for 
sodium as pH changes from neutral to alkaline (Harries, 
1988). Harries (1987) reported that the mass-transfer 
coefficient for chloride decreased as the relative amount 
of anion resin is increased because solution became more 
alkaline. However, the net rate of anion exchange is 
faster than that of cation exchange. 
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Since small-bead size exchangers have larger surface 
area, small ones give faster exchange than large ones. 
Thus small-bead size resins can reduce the depth of 
exchange zones. Harries (1988) studied the effect of 
cation-exchange resin size on anion-exchange kinetics 
using two sizes of cation exchanger, mean bead diameters 
of 0.71 and 0.82 mm. He pointed out that a relatively 
small increase of bead size caused a significant 
reduction in anion exchange kinetics due to the pH 
changes within the bed. 
Harries (1988) claimed that the simple boundary 
layer diffusion model based on experimental data is more 
amendable. However, he showed that the mass-transfer 
coefficient was dependent on 1nfluent concentrat1on or 
solution pH, which should be constant in the model. The 
theoretical model which included electrostatic and 
diffusion functions (Haub and Foutch, 1986a) can also 
predict the behavior of the column performance. Some 
assumptions are usually made to simplify theoretical 
models. By the assumptions which will be mentioned 
later, Haub and Foutch (1986a) derived rate expressions 
for reactive ion exchange at low solution concentrations 
and applied these to mixed-bed ion exchange. Since 
neutralization can ~ccur i~ the bulk phase and the liquid 
film, these two cases were considered simultaneously. 
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Column Design Methods 
As any other continuous column unit operation 
processes, ion exchange uses the principle of material 
balance. Processes such as a moving fixed bed, or a 
countercurrent ion exchange, or fluidized stages of resin 
particles with periodic transfer of resin, allows a 
continuous steady state process (Wildhagen, et al., 1985; 
Streat, 1986; Wesselingh, et al., 1986). However, ion 
exchange operations are traditionally conducted in fixed 
beds. The unsteady state nature of fixed beds needs 
interpretation of more complex mass-transfer mechanism 
(Moison and O'Hern, 1959). Other principles for ion 
exchange processes are rate equation,- equilibrium 
relationship at the fluid-solid interface, and 
hydrodynamics. These principles are needed to model and 
design ion exchange columns. 
To design the process, model parameters, such as 
equilibrium isotherm, intraparticle diffusivity, and film 
mass-transfer coefficient, are obtained from experiments 
and applied to the model equation. Then, the 
experimental breakthrough curve, i.e., the shape and 
position of an effluent concentration history, obtained 
at the laboratory scale, is compared with computer 
simulations to test the validity of the theoretical 
model. Good models enable us to predict column 
performance over a wide range of conditions using data, 
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and can then be applied to the bench or industrial scale. 
The actual system can then be built by scale-up methods, 
which is influenced by hydrodynamic parameters. 
A s1mple design method for deep fixed-bed ion-
exchange columns was described by Michaels (1952) using 
the exchange-zone concept. He assumed the exchange takes 
place within a constant depth and this depth descends 
through the bed. Later, Moison and O'Hern (1959) 
obtained correlations for favorable equilibrium from 
experiments to design both batch and continuous 
countercurrent packed beds using this concept. 
Ion-exchange equilibrium represents the behav1or of 
exchange resin with bulk solution. Different equilibrium 
affinities for the different components of the exchanger 
can separate the mixtures. Equilibrium theory is widely 
used to design ion-exchange processes (Tondeur and 
Bailly, 1986; Rodrigues and Costa, 1986; Wilson, 1986). 
Local equilibrium theory is described in detail by Klein 
(1986). This theory was extended to systems accompanied 
by reactions (Hwang, et al., 1988). Equilibrium in the 
multicomponent system was studied experimentally (Dranoff 
and Lapidus, 1957; Pieroni and Dranoff, 1963; Kle1n, et 
al., 1967; Kataoka and Yoshida, 1980; Myers and Byington, 
1986) and theoretically (Helfferich, 1967, 1984) to 
calculate the kinetic behavior of an ion-exchange column. 
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In equilibrium theory, local equilibrium between the 
two phases is assumed to occur at all points. The 
unsteady-state material balance on a differential slice 
of column is given as 
&c ac ac a 
e -- + ( 1 - e ) + u = ( 1) 
at "t &z ~z 
The equilibrium model neglects the axial diffusion term, 
i.e., right hand side (Tondeur and Bailly, 1986). Since 
there are no mass-transfer resistances for the ion1c 
species from bulk solution to exchange site, 
concentrations of these two phases are assumed to be 
equal. Thus, equations of material balance, equilibrium 
isotherm, initial and boundary conditions are needed to 
model the equilibrium theory. 
When kinetically controlled phenomena are dealt 
with, kinetic laws of transport, described in previous 
sections, are added to the equilibrium model. The so-
called rate theory uses material balance, equilibrium 
isotherm, kinetic law, and initial and boundary 
conditions. This theory includes film-diffusion and 
particle-diffusion controls, and produces solution 
concentration as a function of time and column position. 
Beyer and James (1966) investigated the effect of 
column shape on the performance of fixed-bed ion-exchange 
columns, and showed the breakthrough time was independent 
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of the column geometry if the fluid flow rate, volume, 
and criteria for breakthrough are fixed when the rate law 
depends on,concentration. Later, Cooney (1967) extended 
this to the system when rate laws depend on fluid 
velocity. 
When complex rate equations or equilibrium 
relations, irregular boundary conditions, or tedious 
calculations are met, numerical methods can be used. 
Also, computer aided design for modeling and simulation 
of ion-exchange processes will be used by chemical 
engineers. Acrivos (1956) applied an explicit method, 
"the method of characteristics technique," which reduces 
first-order hyperbolic partial differential equations to 
an equal sized system of ordinary differential equations 
(Costa, et al., 1986), to adsorption packed columns. 
Then, many investigators (Helfferich, 1962, Omatete, et 
al., 1980) used this method to solve material balance 
equations in binary and multicomponent ion-exchange 
columns (Dranoff and Lapidus, 1958, 1961). Later, Haub 
and Foutch (1986a) applied this method to the material 
balances for cation and anion resins in mixed bed. 
Implicit methods are also an alternative way to solve 
material balance equation. Liapis and Rippin (1979) 
applied orthogonal collocation to the adsorption column. 
Later, using the method of lines with a finite element 
collocation method, Loureiro, et al. (1985), solved 
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nonlinear parabolic partial differential equations which 
arise in equilibrium models and film and homogeneous 
particle diffusion models. General numerical methods 
which solve ion-exchange models and equations were 
reviewed and referenced by Costa, et al (1986). 
CHAPTER III 
EXPERIMENTAL APPARATUS 
To study the effect of the cation-to-anion resin 
ratios of a mixed-bed ion-exchange process at ultra-low 
solution concentrations, a glass-column experiment was 
carried out to measure the concentration of the solution 
as a function of time and position within the bed. This 
study does not include temperature effects; all 
experiments were made at room temperature. The average 
temperature was 23°C and the variation was ± 2°C. 
Figure 3 shows the schematic diagram of the whole 
system of the laboratory mixed-bed ion-exchange test 
column. It is composed of a large water purification 
column, a feed solution storage carboy, a solution 
distribution peristaltic pump, mixed-bed columns and 
effluent solution storage carboys. Also included is off-
line ion-exchange chromatography, and output recorder. 
Water Purification Column 
Glass distilled column (mega-pure system of Corning 
Science Products) was used to make double distilled 
water, but because of low capacity of the column it could 
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not supply the necessary amount of pure water. Thus, a 
large mixed-bed ion-exchange column was used to supply 
ultrapure water to make feed solutions. The water was 
fed into the column after treated by distillation and a 
filter housing cartridge (Corning mega-pure system, 3508-
FH). The produced water was good quality with a 
resistivity reading (Signet Scientific) of 18.3 megaohm-
cm, the standard of ultrapure water. 
Feed Solution Storage 
The feed solution storage carboy was low-density 
polyethylene with a sp1got of Nalgene Labware by Nalge 
Company and has a 50 liter capacity. The carboy was 
charged by filling with purified column effluent water 
after the addition of the calculated quantity of 
analytical reagent grade sodium chloride (J. T. Baker 
Chemical Company) to the carboy. Before filling the 
carboy with a feed solution, sodium chloride solution of 
10-4 M was made in a 10 liter carboy. Vigorous agitation 
was made in the 10 liter carboy and complete m1xing was 
checked by conductivity measurement. Since one feed 
solution concentration was used, only one 50 l1ter carboy 
was used as a feed reservoir. 
Solution Distribution 
Feed solution was distributed using a peristaltic 
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pump. The pump was a Masterflex ten-channel drive from 
Cole-Parmer Instrument Company of Chicago, Illinois with 
a maximum flow range per channel of 380 mlfmin. In order 
to maintain constant flow rate over long periods of time, 
up to 2 months, it was necessary to use silicone tubing 
for the pump. The strength and thickness of silicone 
tubing (Masterflex J-6411-24, Cole-Parmer Instrument 
Company) made this experiment possible. Flow rate was 
measured between the effluent samplings by checking the 
effluent volume collected in a given time period. The 
flow rate was almost constant and accurate so that the 
effluent volume could be calculated on the basis of 
elapsed time and measured flow rate. The volumetric flow 
rate ranged from 0.41 to 0.45 liter/hour. 
Mixed-Bed Columns 
To make sure that the bed is homogeneously mixed 
with cation and anion-exchange resins, the column should 
be directly visualized. The experimental columns were 
prepared by Pyrex glass from the glass shop in the 
Chemistry Department. Attention was also given to the 
uniform external voids between resin and solution. The 
inside diameter of the columns were 1 inch (2.54 em.), 
and the height of the columns were about 50 em above the 
fritted glass disk of extra-coarse porosity, which was 
sealed into the bottom of the column, ensuring uniform 
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flow distribution, and served as a support for the mixed-
bed resins. Feed lines to the column from the pump were 
used of 1/4 inch Tygon tubing. For time efficiency and 
productivity, up to six columns were used simultaneously. 
The pump limits to ten columns. 
Effluent Storage 
Effluent solution was discharged from the 
experimental columns to the 25 liter carboys and recycled 
through large water-purification column. Effluent 
solution was treated in the water-purification column and 
filter-housing cartridge at least twice to ensure water 
quality before making the influent feed solution. 
Ion-Exchange Resins 
To produce completely deionized water, which has 
the conductivity of water dissociation, the mixed bed 
should consist of an intimate mixture of a strongly 
acidic cation-exchange resin and a strongly basic anion-
exchange resins (Kunin and McGarvey, 1951). Since gel-
type exchangers fouled irreversibly when used with water 
conta1ning acids, cross-linked resins are usually used in 
industry. Lower cross-linked resins are physically 
unstable in the column, so the so-called macroporous or 
macroreticular resins are used. 
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In this study, Ambersep 200 H, for cation exchange, 
and Ambersep 900 OH, for anion exchange, from Rohm and 
Haas Company, were used. Both cation and anion resins 
are the macroreticular type. The Ambersep system has the 
following advantages compared with conventional mixed-
beds: perfect physical and visible separation, very low 
ionic leakage, and very short rinse requirements (Hill 
and Lorch, 1988). Since this study does not concern the 
regeneration step, inert resin, which has an intermediate 
density between the top strong basic anion resin and the 
bottom strong acidic cation resin, was not used. Only 
cation and anion-exchange resins were mixed. Resin 
particles are small enough with respect to the inside 
diameter of the glass column, so wall effects were 
minimized. The physicochemical properties of these 
resins and bed characteristics are shown in Table I. 
Resins were weighed when fully dried at atmosphere to 
keep a consistent measurement. Air dry weight resins 
were charged to the ion-exchange column after fully 
swollen overnight with pure water. The weight of air dry 
resin will vary day to day due to the moisture content of 
air. However, almost a consistent air condition was 
maintained in the laboratory, so a serious effect was not 
expected. The moisture content of air dry resin of 
Ambersep 200 H and Ambersep 900 OH was measured by drying 
in an oven at ll0°C overnight, and found to be 4.9 % and 
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5.9 %, respectively. The probable error was estimated in 
Appendix A. The effect of regeneration was not included 
in this study, so all experimental runs were made with 
fresh resin. 
TABLE I 
PHYSICOCHEMICAL PROPERTIES OF THE WET RESIN 
AND BED CHARACTERISTICS 
Bed Diameter 2.54 em 
Bed Height up to 10 em 
Internal Porosity 0.25-0.30 
Void Fraction 0.34-0.38 (0.35) 
Resin Bead Radius (Harmonic Mean Particle Size) 
Ambersep 200 H 0.80-0.85 mm 
Ambersep 900 OH 0.58-0.62 mm 
Bulk Density 
Ambersep 200 H 
Ambersep 900 OH 
Exchange Capacity 
Ambersep 200 H 
Ambersep 900 OH 
Specific ~ravity 
Ambersep 200 H 
.. Ambersep 9 0 0 OH 
Selectivity Coefficient 
Ambersep 200 H 











Ion Exchange Chromatography 
The effluent ionic concentrations of solution from 
the experimental columns were analyzed by ion 
chromatography (2000i/SP, Dionex Corporation). Ion 
chromatography enables us to analyze water with an 
impurity range low to 10 part per billion. 
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This liquid chromatographic technique uses ion 
exchange mechanisms and suppressed conduct1vity detection 
for the separation and determination of anions and 
cations using a conductivity cell as a detector (Small, 
et al., 1975). Conductivity is a universal property of 
ionic species in solution, and shows a simple dependence 
on species concentration. The output from the 
conductivity meter, which was proportional to the 
conductivity of the sample in the cell, was expressed on 
a strip chart recorder. Since the peak height or peak 
area is proportional to feed concentration, peak height 
was measured to obtain quantitative results in this 
study. Peak height is recommended by Dionex Corporation 
(Dionex, 1983) since peak height measurements yield 
excellent precision and are straightforward. The output 
record used was a 5890 A Series GC Terminal from the 
Hewlett Packard Company. 
Since columns in the system such as separator 
columns, guard columns, packed-bed suppressor columns, 
should be kept clean when not used, the columns were 
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rinsed with deionized water before and after the eluant 
and regenerant flow. High quality water of less than 
background resistivity of 16.67 megaohm-cm for 
preparation of aqueous eluants and regenerants and for 
rinsing reduces background interference. To make sure of 
the steady flow of eluant and regenerant, 3 to 4 hours 
were used to stabilize the base-conductivity. Samples 
were injected into the column by Becton-Dickinson 3cc 
Syringes. When this syringe was once used, it was 
disposed of to reduce contamination from previous 
samples. To reduce leaching of the syringe itself or 
from the atmosphere, samples were injected as soon as 
possible and no time effects were observed. 
Eluant solutions for the chromatography were 
prepared from fully deionized water and reagent grade 
chemicals. The cation eluant was the mixture of 27.5 mM 
Hydrochloric Acid (Fisher Scientific Company), 2.25 mM 
DL-2,3-Diaminopropionic acid monohydrochloride (Fluka 
Chemical Corporation), and L-Histidine-monohydrochloride 
Monohydrate (Fluka Chemical Corporation). For anion 
analysis, eluant of a mixture of 1.8 mM Sodium Carbonate 
(Fisher Scientific Company) and 1.7 mM Sodium Bicarbonate 
(Fisher Scientific Company) was used. The flow rates 
used were 1.0 mlfmin for cation and 2.0 mlfmin for anion, 
respectively. Used cation and anion regenerants were 70 
mM Tetrabutylammonium Hydroxide (55% Aqueous Solution, 
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Southwestern Analytical Chemicals Incorporated of Austin, 
Texas) and 0.025 Sulfuric Acid (Fisher Scientific 
Company), respectively. The regenerant flow rates were 




Some preliminary experiments were used to determine 
the proper flow configuration. The preliminary 
experiments were mainly to get over increasing pressure 
drop problems due to the tightened resins as time 
elapsed. A series of glass columns were tried and 
finally upflow columns were chosen. A detailed 
description of the experimental trials is given here to 
avoid experimental failures in future studies. 
Experimental Trials 
First, the column experiments were performed using 
the flow from top to bottom. Since the pressure drop due 
to the exchanger bed increased as time elapsed, the flow 
rate was reduced significantly. The 1/4 inch Tygon 
tubing expanded 2 to 3 times in diameter because of resin 
blocking. Thus, experiments could not continue unt1l the 
effluent concentration reached breakthrough. 
Second, a column with sparse mixture of resins was 
tried. Although the pressure drop problem was solved, 
insufficient contact between resin and solution gave 
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higher effluent ion concentration than expected. Thus, 
the inlet flow was changed upward the third trial. 
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Third, the column with two extra-coarse frits at the 
upper and lower ends were used. However, serious 
pressure drop to the upper direction happened again. 
Thus, this change did not help the pressure drop problem. 
Fourth, upflow with a frit on the bottom side only 
was tried. Mixed bed uses 'infinite pairs of cation and 
anion resins. However, the column looked like a 
fluidized bed with moderate flow rates. Since anion-
exchange resin has much lower density than cation-
exchange resin, anion resin was much richer in the upper 
part of the mixed bed. Thus, separation of the resins 
should be avoided to get a real mixed bed. 
Fifth, the experimental conditions with slow flow 
rates were used, so that the mixed bed was kept stable 
and homogeneous with cation and anion-exchange resins. 
However, keeping a homogeneous bed to measure solution 
concentration as a function of position in a long column 
was practically difficult because of the significant 
density difference of cation and anion-exchange resins. 
Finally, many columns instead of one column were 
used to measure the concentration as a function of 
position in the column, because the purpose of this 
experiment is to get accurate and precise data. At 
least, this method guaranteed the total amount of mixed 
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resin of the desired position although not completely 
mixed. This method needed a long experimentation period. 
Thus, not a deep bed but a multi-stage shallow beds of 
bed depth up to 10 em was used. The flow rate was about 
0.41 - 0.45 liter/hour. Runs were continued in all cases 
until effluent was sure to reach breakthrough. 
Detailed Procedure 
A detailed description of the glass column 
experiment of the mixed-bed ion exchange with continuous 
upflow system is given below. Although somewhat 
duplicated with the equipment description, this describes 
the step-by-step procedure for the system. 
1. Very pure water was made from recycled solution 
from the system or new water from the distillation 
column. Resistivity of 18.28 megaohm-cm was checked to 
make sure the quality of water. 
2. Water produced from step 1 was collected 1n a 10 
liter carboy. After 10 liters were collected, 0.0584 g 
of sodium chloride crystals was added and vigorously 
agitated. Then, 10-4 M sodium chloride solution was 
stored 1n the 50 liter feed storage carboy. 
3. Sodium chloride solution from step 2 was 
distributed to the mixed-bed columns. The flow rate for 
each column was regularly checked and also samples were 
collected in syringes on a regular time basis. 
4. Discharged solution from the glass columns was 
collected in the effluent storage carboy. 
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5. Collected samples were analyzed by ion 
chromatography. These results were plotted as figures in 
the next chapter and listed in Appendix B. 
CHAPTER V 
RESULTS 
The purpose of this study is to test experimentally 
our existing theoretical model of liquid resistance 
controlled reactive ion-exchange theory at ultra-low 
solution concentrations in mixed-bed ion exchange. For 
solution concentrations above 10-4 M the model agrees 
with early development (Haub and Foutch, 1986a), but for 
below 10-4 M experimental data are not available in the 
literature. Thus, influent concentration of 10-4 M NaCl 
solution is chosen in this study. This also meets 
maximum electrolyte concentration which is produced in 
condensate polishing plants (Tittle, 1981). 
As shown in Figure 3, NaCl solution is continuously 
fed to the column, and the treated solution is 
continuously removed. However, the mixture of cation and 
anion-exchange resin in the column is exhausted 
gradually, so this is an unsteady-state process. The 
solution concentration will vary with both the bed 
position and elapsed time before cation and anion-
exchange resins are exhausted. 
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Many system parameters influence the shape of 
breakthrough curves in mixed-bed ion exchange. The 
system parameters are; initial equivalent fractions of 
sodium in the cation resin and chloride in the anion 
resin, cation and anion resin particle diameters, bed 
void fraction, feed solution concentration, volumetric 
flow rate, system temperature, column diameter, height of 
packed resin, cation and anion resin capacities, types 
and ionic form of resins, selectivity coefficients for 
the sodium-hydrogen and chloride-hydroxide exchange, 
solution viscosity, solution dens1ty, cation-to-anion 
resin ratio, and diffusivities of the involved ions. 
Among these parameters, the cation-to-anion resin ratio 
is the only parameter considered in this study. 
Fifteen runs were made to characterize general 
trends of breakthrough curves with the system described 
in Chapters III and IV. Duplicated runs were made to 
determine the reproducibility of the experimental data. 
Other experimental conditions were chosen to study; the 
effects of oppositely-charged resin on breakthrough 
curve, homogeneity of the mixed bed, and trends for 
unmixed beds. All the laboratory scale data are plotted 
in the following sections to explain the effects 
mentioned above, and the raw data are listed in the 
Appendix B. 
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General Breakthrough Characteristics 
The experimental effluent concentration histories 
are given in dimensionless form of C/Co, i.e., effluent 
ion concentration divided by influent ion concentration, 
to interpret the results on a comparable basis. The 
breakthrough curves of the separate cation and anion 
exchange from a single mixed bed will be given to study 
the effects of cation-to-anion resin ratio. When 
plotted, the data show some scattering wh1ch varies from 
one run to another, but in most cases the data are 
consistent enough to allow a smoothed breakthrough curve 
to be drawn. 
Calibration plots of sodium and chloride 
concentrations are made from standard solutions to 
interpolate the chromatogram peak height from the 1on 
chromatograph. These plots are shown in Figures 4 and 5 
for sodium and chloride concentrations, respectively. 
The close linear dependence between peak height and ion 
concentration is indicated in Figures 4 and 5 for the 
various attenuations of the recorder. Thus, the effluent 
ion concentrations are linearly interpolated from the 
chromatogram peak heights. 
Kataoka and Yoshida (1976c) pointed out that 
hydroxide-form resin beads presented a lot of congregated 
clusters that resulted in nonuniform distribution of void 
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these experiments, clusters were removed by the rigorous 
agitation in water, and the wet mixed resins were kept in 
a beaker for more than a week. The flow rates through 
the frit and the mixed bed contained in a glass column 
were regularly checked and found to be almost constant. A 
sample case for a cationjanion resin ratio of 3.0 gj3.0 g 
(dry weight), and an average volumetric flow rate of 0.42 
literjhour is shown in Figure 6. 
Breakthrough Curve as a Function 
of Position 
Fifteen experimental conditions for the general 
trends of breakthrough curves are shown in Table II. The 
cation-to-anion resin ratio of 1/2, 1/1.5, 1/1, 1.5/1, 
and 2/1 are used for the total dry resin weight of 3.0, 
6.0, and 9.0 g. 
Figures 7 through 11 for cation exchange and 12 
through 16 for anion exchange, respectively, show the 
breakthrough curves of different total amount of mixed 
resin for each of the same cation-to-anion resin ratios. 
The experimental conditions for Figures 7 through 16 are 
described in Table II. The abscissa of these Figures is 
the amount of effluent volume treated, and the ordinate 
is CfCo. The bed depth is proportional to the resin 
amount, so Figures 7 to 16 show either sodium or chloride 
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TABLE II 
EXPERIMENTAL CONDITIONS FOR GENERAL TRENDS 
OF BREAKTHROUGH CURVES 
Cation/Anion Resin Amount 
(dry weight) (g/g) 
3.0 g 6.0 g 9.0 g 
1/2 1.0/2.0 2.0/4.0 3.0/6.0 
1/1.5 1.2/1.8 2.4/3.6 3.6/5.4 
1/1 1. 5/1.5 3.0/3.0 4.5/4.5 
1.5/1 1.8/ 1. 2 3.6/2.4 5.4/3.6 
2/1 2.0/1.0 4.0/2.0 6.0/3.0 
Figures 7 through 16 show that different levels at 
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initial leakage appear in the effluent of the cation and 
anion-exchange process. The initial leakage is not 
observed for anion exchange of mixed resin of 6.0 g or 
9.0 g. For the mixed resin of 3.0 g, the initial leakage 
' for anion exchange varies from 0.02 to 0.07, depending on 
anion resin amount in the bed. The initial leakage up to 
0.24 is observed for cation exchange with cation resin of 
1.0 g in Figure 7. Cation exchange, except for the mixed 
resin of 9.0 g, shows the initial leakage depending on 
the bed depth. Under comparable conditions, the cation 
effluent concentration gives a higher level of leakage 
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than anion effluent concentration. This will be due to 
the larger selectivity coefficient of anion-exchange 
resin than cation-exchange resin. The levels of leakage 
for anion exchange are almost constant, with a very low 
level for a lengthy period of time before the 
breakthrough curves started to rise. This is true except 
for very short beds because of insufficient contact 
between solution and resin. The levels of leakage for 
cation exchange are also almost constant for a long bed 
depth (total resin amount of 6.0 g or 9.0 g), but 
relatively broad compared to leakage levels for anion 
exchange. 
Vermeulen and Hiester (1959) pointed out that the 
shape and position of a breakthrough curve depend upon 
equilibrium, rate, and stoichiometry. The equilibrium 
isotherms for the system influence the breakthrough 
curves especially when the equilibrium is very favorable 
or very unfavorable (Vermeulen, et al., 1984). Thus, the 
selectivity coefficient for the exchange influences the 
breakthrough curve, i.e., the relative steepness or 
sharpness of breakthrough curves (Vermeulen and Hiester, 
1959, Helfferich, 1962). The more favorable the 
equilibrium is, the steeper the breakthrough curve. The 
limiting slope of the breakthrough curve is reached in a 
shorter height of bed for a favorable equilibrium, while 
an unfavorable equilibrium gives a more gradual and 
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nonsharpening breakthrough curve for a given set of 
diffus1on coefficients. For a favorable equilibrium, 
breakthrough curves appear identical in pattern, while 
for an unfavorable equilibrium, breakthrough curves show 
a pattern of behavior proportionate to the bed volume or 
time through which it passes. The exchange wave 
continues to spread with distance through the column. 
Since the liquid-film diffusion rate control is assumed 
in this study, liquid-phase diffusion coefficients of 
ions, and selectivity coefficients for the sodium-
hydrogen and chloride-hydroxide exchange will influence 
the breakthrough curve. Diffusion coefficients of the 
involved ions and selectivity coefficients for the 
exchange are properties of their own system. Thus, an 
accurate model which includes the rate expression with 
the appropriate system parameters predicts the behavior 
of the breakthrough curve. 
Sodium breakthrough curves show that the leading 
band becomes diffuse as it progresses through the column, 
especially in Figures 9 through 11 with relatively large 
cation resin amount. This is partly because of 
relatively unfavorable equilibrium of cation-resin 
selectivity coefficient for sodium-hydrogen exchange of 
2.0-2.5. This trend coincides with the results of 
Lapidus and Rosen (1954) who used hydrogen-form Dowex 50 
for NaCl solution. Chloride breakthrough curves in 
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Figures 12 through 16 show a consistent pattern of 
behavior. However, the response is not as consistent as 
expected, considering the very favorable equilibrium as 
indicated by a selectivity coefficient for chloride-
hydroxide of 15-18. This can be explained by the claims 
of Coppola and Levan (1983) who studied adsorption with a 
constant pattern behavior in shallow beds. They claimed 
that the exchange wave approaches the constant pattern 
shape in deep beds with a favorable equilibrium, which 
corresponds to the maximum possible breadth of the mass-
transfer zone. However, the mass-transfer zone can 
occupy a substantial fraction of the total bed length in 
shallow beds, so the constant pattern shape is not 
approached in shallow beds and the shape of breakthrough 
depends on the bed depth. The bed depths of our 
experimental columns are higher than typical shallow 
beds. For the total resin amount of 6.0 g or 9.0 g, the 
constant pattern is observed, but a slightly inconsistent 
pattern is observed for 3.0 g in Figures 12 through 16. 
Inconsistent pattern in Figures 15 and 16 is more serious 
than in Figures 12, 13, and 14. This effect is due to 
the bed depth, and our configuration is between shallow 
bed and deep bed. This trend is also observed in sodium 
breakthrough curves. Thus, generally speaking, the 
parameter of bed depth affects the pattern of the sodium 
breakthrough curve but not the chloride breakthrough 
curve in sufficiently deep beds because of the 
selectivity difference. 
Effluent Concentration as a Function 
of Resin Ratio 
Using Figures 7 through 16 from the experimental 
conditions in Table II, the effects of the cation-to-
anion resin ratio on the effluent concentration can be 
observed. Five resin ratios for the total dry resin 
weights of 3.0, 6.0, and 9.0 g give each five crossover 
points of cation and anion breakthrough curves. These 
are not plotted in the figures since ten breakthrough 
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curves are hard to distinguish in a figure, however Table 
III presents the numerical values of crossover points of 
sodium and chloride breakthrough curves. 
The capacities of used cation-exchange resin 
(Ambersep 200 H; 1.6-1.7 eq/liter) and anion-exchange 
resin (Ambersep 900 OH; 0.8-0.9 eqfliter) are different 
in this study. The conditions of the cation-to-anion 
resin ratios of 1/1.5, 1/1, 1.5/1, and 2/1 are expected 
to have higher cation-exchange rates than anion-exchange 
rates, while resin ratio of 1/2 is expected to have 
almost even cation and anion-exchange rates. However, 
because of some other parameters which influence the ion-
exchange phenomena, the behavior of breakthrough curves 
are not simply dependent only on resin capacity. As 
mentioned in previous sections, selectivity coefficients 
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of resins, mass-transfer coefficients for packed beds, 
and diffusion coefficients of ions are expected to affect 
the shape of the breakthrough curve. The selectivity of 
the resin towards the exchanging ions determines the 
sharpness of the exchange wave. 
TABLE III 
CROSSOVER POINTS OF SODIUM AND CHLORIDE 
BREAKTHROUGH CURVES 
cation/Anion Volume Treated (L) I 
(dry weight) 
3.0 g 6.0 g 
1/2 74, 0.95 ---------
1/1.5 40, 0.42 1201 0.82 
1/1 24, 0.22 70, 0.15 
1.5/1 11, 0.12 30, 0.03 








Some sodium and chloride breakthrough curves cross 
at a point regardless of the different total amounts of 
mixed resin in the column, and some do not cross. Since 
anion-exchange resin has a higher selectivity coefficient 
than cation-exchange resin, the chloride breakthrough 
curve is much steeper than the sodium breakthrough curve 
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as shown in Figures 7 through 16. This is why sodium and 
chloride breakthrough curves meet at a point if the 
amount of one resin is not much larger or smaller than 
the other resin in the mixed bed. The crossover points 
of sodium and chloride breakthrough curves have the 
trends that the lower cation-to-anion resin ratio shows 
the higher effluent concentration or treated volume of 
the crossover point regardless of the total resin amount. 
The numerical values of effluent concentrations and 
treated effluent volume at crossover points as a function 
of resin ratio are listed in Table III. 
Effect of Oppositely-Charged Res1n 
on Breakthrough Curves 
To investigate the effects of anion-exchange resin 
on sodium breakthrough curves and cation-exchange resin 
on chloride breakthrough curves in the mixed bed, 
experiments were performed by adding 1.0, 3.0, and 5.0 g 
~ 
of the oppositely-charged resin to 3.0 g of each cation 
or anion exchange resin. These conditions are given in 
Table IV. 
The effects of anion-exchange resin on sodium 
breakthrough curve and cation-exchange resin on chloride 
breakthrough curve are plotted in Figures 17 and 18, 
respectively. As shown in Figure 17, the slope of the 
sodium breakthrough curve with higher anion-resin ratio 
(5.0 g of anion resin) is steeper than with the lower 
72 
anion-resin ratio (1.0 g of anion resin). Similarly, the 
slope of the chloride breakthrough curve with the higher 
cation-resin ratio (5.0 g of cation resin) is steeper 
than with lower ratio (1.0 g of cation resin) as shown in 
Figure 18. When Figures 17 and 18 are compared, the 
slope changes of both sodium and chloride breakthrough 
curves show similar trends except chloride breakthrough 
curve is steeper than sodium breakthrough curve. 
TABLE IV 
EXPERIMENTAL CONDITIONS FOR THE EFFECTS OF 












In these experiments, a neutral salt (NaCl) solution 
is used as a feed solution. Exchange resins are ionic 
forms of hydrogen and hydroxide for cation and anion 
exchange, respectively. The same amount of cation-
exchange resin with smaller amounts of anion-exchange 
resin produces a faster rate of hydrogen exchange than 
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produces an aqueous phase with an acidic pH. on the 
contrary, cation-exchange resin with more anion-exchange 
resin produces a lower rate of hydrogen exchange, so the 
aqueous phase has an alkaline pH. The same effects can 
also be applied to the anion-exchange resin. 
Harries (1988) showed the effect of pH of the 
aqueous phase in both cation and anion-exchange rates. 
He showed that the cation exchange is faster in an 
alkaline medium than a neutral or acidic medium since the 
mass-transfer coefficient of sodium is higher at high pH, 
while the anion exchange is more rapid in an acidic 
medium than a neutral or alkaline medium since the mass-
transfer coefficient of chloride is higher at low pH. 
Thus, the cation exchange with a higher anion-exchange 
resin ratio produces a steeper sodium breakthrough curve, 
and anion exchange with a higher cation-exchange resin 
ratio produces a steeper chloride breakthrough curve. 
Cation or anion exchange with a lower oppositely-charged 
resin ratio produces a broad breakthrough curve. The 
experimental results in Figures 17 and 18 show the same 
trends as Harries (1988) claimed. The change of the 
cation-to-anion exchange resin ratio will thus change the 
pH of the aqueous phase within the bed, resulting in the 
change of the shape of the breakthrough curve. Th1s is 
also compared with the model of Haub and Foutch (1986a). 
Figures 17 and 18 also show the model predictions which 
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use the same values of parameters of experimental 
conditions of Figures 17 and 18, respectively. The 
ionic-diffusion coefficients for this model are taken 
from Table VI in Chapter VI. The detailed explanation of 
the ionic-diffusion coefficients will be given in the 
following chapter. As shown in Figures 17 and 18, the 
model predicted the trends of breakthrough curves well 
for cation exchange, but a deviation is observed for 
anion exchange at the high concentration range, 
especially of the cation/anion resin ratio of 1.0gf3.0g. 
This is probably due to the lack of model prediction. 
Anion breakthrough curves in model prediction have a 
tendency to increase sharply. Another possibility is the 
larger selectivity coefficient, supplied by the 
manufacturer, than the actual value observed in 
experiments. However, this would not likely be the 
reason because Type I strong base anion-exchange resins 
have selectivity coefficients of 15 to 20 (Anderson, 
1975). 
Harries (1988) also pointed out that the influence 
of pH on the anion exchange is greater than that for the 
cation exchange. Thus, the slope change of anion 
breakthrough curve is greater than that of cation 
breakthrough curve when the resin ratio is changed. This 
is shown when the amount of cation resin is changed from 
1.0 to 3.0 g in Figure 18, but not serious when the 
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cation resin is increased to 5.0 g. Sodium breakthrough 
curves in Figure 17 have similar slope changes when the 
anion resin is changed from 1.0 to 3.0 g and from 3.0 to 
5.0 g. 
Effect of Bed Homogeneity 
The mixed-bed ion-exchange technique uses a single 
column of intimately mixed strong acid and strong base 
ion-exchange resins. This experiment uses the resins in 
hydrogen and hydroxide forms. The mixed-bed 
configuration is analogous to operating an infinite 
number of two stage ion exchangers in series to produce 
' 
water. The complete mixing of the cation and anion-
exchange resins in the mixed-bed column is important. 
Incomplete mixing will cause a partial separation of the 
mixed bed. This means that the lighter anion resin is 
rich in the upper portion of the column, and the cation 
resin is rich in the bottom of the bed. Thus, incomplete 
mixing will make anion exchange take place in a more 
acidic solution since upward flow was used in this 
experiment. cation exchange will take place in a less 
alkaline solution. This results in a decreased cation 
exchange rate and an increased anion exchange rate. 
This effect was investigated by comparing a totally 
segregated bed with a completely mixed bed. A totally 
mixed bed was prepared by the previous method. A totally 
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segregated bed was made by adding 3.0 g of anion resin 
through the top to the 3.0 g of cation resin on the 
bottom of the bed. The resultant breakthrough curves are 
shown in Figure 19. Although the anion exchange took 
place in a more acidic solution than a completely mixed 
bed, a similar shape of breakthrough curve was observed 
because the chloride-breakthrough curve is already steep. 
This is similar to Figure 18 when 3.0 g or 5.0 g of 
cation resin was used with 3.0 g of anion resin. Similar 
responses were observed in this Figure except when the 
anion resin was almost exhausted. However, the sodium 
breakthrough curve shows a broader shape than with a 
totally mixed bed. This is probably due to the low mass 
transfer rate because the solution is less alkaline than 
the totally mixed bed. 
.Unmixed Bed 
Unmixed cation and anion-exchange resins were placed 
in two columns. Thus, this is not a mixed bed, but two 
homogeneous beds. This can be an extension to the effect 
of oppositely-charged resin on br'eakthrough curve, and 
this is an extreme condition. one column used 6.0 g of 
cation exchange resin, and the other column used 6.0 g of 
anion exchange resin. The experimental results are shown 
in Figure 20 for the sodium and chloride breakthrough 
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to be very broad because of the low mass-transfer rates. 
In these extreme conditions, breakthrough curves are 
found to be almost linear in Figure 20. 
CHAPTER VI 
DISCUSSION 
The experimental results of this study are compared 
with the mathematically developed model of Haub and 
Foutch (1986a). The deviations between the experimental 
and the theoretical results will be discussed in this 
Chapter. Using the different ionic-diffusion 
coefficients or the mass-transfer coeffic1ents from the 
' 
literature, experimental results will be discussed to 
describe the system. The correlations to the actual 
ionic-diffusion coefficients and mass-transfer 
coefficients for the mixed-bed ion-exchange model will be 
suggested. 
Experimental Technique 
The results from experimentally derived data from a 
laboratory scale test apparatus may predict the actual 
performance in industry. Many column configurations 
outlined in Chapters III and IV were tried, and glass 
columns with upward flow was chosen to obtain effluent 
concentrations as a function of time and column position. 
Although upward flow in the glass mixed-bed column with a 
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frit solved the pressure drop problem due to resin 
blockage, this mixed-bed ion-exchange system is not 
observed in the literature. Maximum flow rate to 
maintain a homogeneous bed with the mixed cation and 
anion resins was lower than that of an industrial 
process. Thus, the method should be improved to get 
higher flow rates with a homogeneous mixed bed. 
Accuracy and Reproducibility 
' The purpose of this study is to show the adequacy of 
a mathematically derived model, so accuracy and 
reproducibility of the experimental results follow to 
test the mathematical model. 
Errors are basically associated with the 
quantitative measurements. The possible sources of 
errors are; preparation of feed solution with salt 
crystals and pure water, preparation of standard 
solutions for ion chromatography, measurement of dry 
resin weight, measurement of solution flow rates, 
tem~erature variation, and the analysis of ion 
chromatography. 
Measurement of sodium chloride crystals to 0.0029 g 
by the electronic balance appeared to cause the biggest 
error, and the bound of this error was analyzed. Sample 
calculations of this error are shown in Appendix A. 
Errors caused by weight measurement of air dry resins in 
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the laboratory were not significant compared to the 
sodium chloride crystals, and the calculated errors are 
shown in Appendix A. All of the other errors are also 
calculated and shown in Appendix A. Accuracy of a well-
mixed feed solution and constant flow rate was discussed 
in Chapter v. The standard deviation from average 
volumetric flow rate of 0.42 liter/hour for the condition 
of cation/anion resin ratio of 3.0 g/3.0 g in Figure 6 
was found to be 0.00649 in Appendix A. 
Experiments were duplicated in order to check the 
experimental reproducibility. A sample measurement of 
the reproducibility of the experiments is shown in Figure 
21, where the breakthrough curves of two runs were made 
at condition of cationjanion resin ratio of 3.0 g/3.0 g 
of six months apart. The agreement is entirely 
satisfactory, with the difference of less than 3.0 % 
(Appendix A). Additional duplicated runs were not made 
to check reproducibility. 
Mathematical Model of Haub and Foutch 
The model of Haub and Foutch (1986a) approached the 
limit of water purity obtainable with neutralization 
reaction from the mixed-bed ion-exchange units. They 
treated cation and anion-exchange resins in a mixed bed 
separately which enabled the study of variation of the 
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some simplifying assumptions; (1) uniform bulk liquid and 
surface compositions at the particle, (2) equilibrium at 
particle-film interface, (3) instantaneous neutralization 
reactions, (4) constant activity coefficient, i.e., unity 
in dilute solutions, (5) pseudo-steady state of mass 
transfer across the film layer, (6) isothermal 
conditions, and (7) neglected dispersion in the bed. The 
validity of these assumptions are well described in their 
paper (Haub and Foutch, 1986a). 
Effluent ion concentrations on the order of one part 
per billion were obtained by taking into consideration 
reversible exchange, neutralization, and dissociation of 
water molecules in this model. Neutralization reactions 
occur at the resin-film interface, within the film, or in 
the bulk liquid due to the cation-to-anion resin ratio in 
the solution ionic composition. 
The ionic flux equations were obtained by using the 
Nernst-Planck equation for the flux of each ion, and the 
static-film model for liquid-phase mass transfer in ion 
exchange. The nonionic mass-transfer coefficients for 
packed beds were obtained by using the correlations of 
Carberry (1960) and Kataoka, et al (1972). These 
coefficients account for the bed geometry and fluid flow 
effects in the ion-exchange rates. The correlations of 
Carberry and Kataoka, et al., are, respectively, 
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(Sc)-2/3 (Re)-2/3 k1 = 1.85 (-)1/3 (3) 
e 1-e 
For Reynolds numbers above 20, Carberry's equation was 
used. For Reynolds numbers below 20, the equation of 
Kataoka, et al., was used to get the mass-transfer 
coefficients. 
The bulk-phase neutralization model considered two 
coions and the water dissociation equilibrium. The 
conditions of electroneutrality, no net current flow, and 
no net flux of coions were used to solve flux 
expressions. The general results were given in terms of 
an effect1ve system diffusivity. The effective system 
diffusivity for cation exchange, De, depending on the 
ratio of existing to entering ion diffusivities, B1 , 
B 
selectivity coefficient, KA, and equivalent fraction in 
resin phase, Yn' for neutralization in the bulk phase is 
expressed as 




CNa (B1Y + 1) (Y + 1) 
X = = [ ] 
0 (B1s + 1) (S + 1) 
CNa 
Na 1 ·- YNa 







The liquid-film neutralization model assumes a 
neutral bulk phase, and the ionic flux equations were 
obtained by combining flux expressions of two film 
I 
sections for each'cation or anion resin. This model adds 
system restraints, for example, c0H = CH = 10-7 M at the 
reaction plane in addition to the conditions of the bulk-
phase neutralization. The effective system diffusivity 
was derived with the relative position of the reaction 
plane to the total film thickness. The effective system 
diffusivity for anion exchanger of the liquid-film 
neutralization model is expressed as 
(I) 
(5) 
0 * 0 
(1 - h) (eel) (1 - Ccl/Ccl) 
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where 
o r o r o 
h = 
2 DoHDClCCl(CoH/Ccl + Cc1/Cc1 - Y) 
r o r o 




0 Cl Cl 
Ccl [(82(1 - Ycl)KoH + Yc1> ((1 - Ycl)KoH + Yc1>J 112 
Cl 
(A)1/2 
(1 - Ycl)KoH + Yc1 ]1/2 y = [ 
Cl 
B2 (1 - Ycl)KoH + Yc1 
r r r r 
COH eel 
A = [ B2- + 
COH eel 
] [ +- ] 
0 0 0 0 
eel eel eel eel 
The ionic-diffusion coefficients depend on the ionic 
concentration in solution, but the constant coefficients 
from the literature (Robinson and Stokes, 1959) were used 
in Equations (4) and (5) of the model of Haub and Foutch 
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(1986b). The ionic concentrations in the bed change with 
time and bed height. Thus, the exact ionic-diffusion 
coefficients for the system are needed to get a better 
model. This will be treated in the following sections. 
System Parameters 
As mentioned in Chapter V, many system parameters 
influence the performance of the mixed-bed ion-exchange 
column. Some of these parameters ar~ interrelated. 
Since this thesis concentrates only on the effect of the 
cation-to-anion resin ratio for the packed bed, resin-
selectivity coefficients, mass-transfer coefficients and 
ionic-diffusion coefficients strongly impact the shape of 
the breakthrough curves. Other system parameters are set 
to be constant. 
Many resin properties, such as capacity, the degree 
of cross-linking, the physical and chemical nature of the 
polymer matrix, and the number of ions in the resin, 
influence resin selectivity. Thus, the selectivity 
coefficients for the sodium-hydrogen and chloride-
hydroxide ion exchange are a function of the resin 
itself. Although experimental methods (Chu, et al., 
1962) and numerical values and calculation examples of 
resin-selectivity coefficient (Anderson, 1975) are given 
in the literature to approximate the coefficients for the 
system, the constant values from the manufacturer 
(McNulty, 1989) will give a better approximation. The 
coefficients from the manufacturer are used for the 
computer simulation. 
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The single ionic-diffusion coefficients in liquid 
phase are believed to be strongly dependent on other ions 
present and solution concentration in addition to a 
function of temperature. The single ionic-diffusion 
coefficients in water have been measured by many 
investigators (Robinson and Stokes, 1959; Harries and 
Ray, 1984; Petruzzelli, et al., 1987b). The coefficients 
of Petruzzelli, et al. (1987b), were calculated as 
limiting diffusivity at infinite dilution. The 
coefficients of Robinson and Stokes (1959) were derived 
from conductance data, and the coefficients of Harries 
and Ray were for 20°C from Robinson and stokes. These 
coefficients were normally supported by a small amount of 
data, and experimental measurements should be made for a 
variety of systems. The single ionic-diffusion 
coefficients in water were used to describe the mixed-bed 
ion-exchange system (Harries and Ray, 1984, Haub and 
Foutch, 198Gb). 
Recently, Zecchini (1989) suggested an equation to 
calculate the single ionic-diffusion coefficients at 
dilute multi-ionic solutions. From the Nernst-Haskell 
equation for dilute solutions, the diffusion coefficient 
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based on molecular concentration can be calculated, for 
example in this study, as 
R T [(1/nNa> + (1/nc1 >J 
F2 [( 1/qNa> + (1/qcl>J 
(6) 
where the limiting ionic conductances q of Na, H, Cl, and 
OH at 25°C are 50.1, 349.8, 76.3, and 197.6 
(Afcm2) (Vfcm) (g-equivfcm3), respectively (Reid, et al., 
1987) . 
Involved ionic pairs for H are H-OH and H-Cl, for Na 
are Na-OH and Na-Cl, for OH are Na-OH and H-OH, and for 
Cl are Na-Cl and H-Cl. The diffusion coefficients for 
the ionic pairs are obtained using Equation (6). The 
ionic-diffusion coefficient for H is obtained as 
1 
(7) 
The ionic-diffusion coefficients for Na, OH, and Cl can 
also be obtained in a similar manner using Equation (7). 
The ionic-diffusion coefficients of Na, Cl, H, and OH at 
a dilute solution in the literature and obtained by the 
suggestion of Zecchini (1989) are shown in Table v. The 
values from Robinson and Stokes (1959) were obtained from 






Equation (8) is obtained from Equation (6) by applying a 
single ion instead of a molecule. 
TABLE V 
IONIC-DIFFUSION COEFFICIENTS IN DILUTE SOLUTIONS 
(VALUES IN 10-5 CM2 /SEC) 
Reference DNa 0c1 DH DoH Temperature 
( oc) 
Robinson and stokes 1. 33 2.03 9.31 5.28 25 
(1959) 
Harries and Ray 1.19 1.84 8.65 4.85 20 
(1984) 
Petruzzelli, et al. 0.976 25 
(1987b) 
Zecchini 0.916 1.085 2.23 1.615 25 
(1989) 
The ionic-diffusion coefficients show a difference 
of more than four times for hydrogen ion. This is also 
true for the diffusivity coefficients within the ion-
exchange resin. The variation of the single ionic-
diffusion coefficient in the resin phase is of the order 
of two to three (Graham and Dranoff, 1982b). 
With the diffusion coefficients of ions in water 
from the literature, the mixed-bed ion exchange was 
simulated using the model of Haub and Foutch (198Gb). 
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Figure 22 compares the breakthrough curves of 
cationfanion resin ratio of 3.0 gf3.0 g from the 
experimental data in this study with theoretical results 
from the model of Haub and Foutch (1986b). The plot of 
effluent concentration (C/Co) versus treated solution 
volume with the ionic-diffusion coefficients of Robinson 
and Stokes (1959) and Zecchini (1989) is shown in Figure 
22. The results of Zecchini (1989) are closer to the 
experimental data than that of Robinson and Stokes 
(1959), but both breakthrough curves show much deviation 
from actual experimental data. Thus, these diffusion 
coefficients are inadequate to calculate the effective 
diffusion coefficients for the actual system. The 
following section suggests a new set of the single ionic-
diffusion coefficients and correlation equations for use 
in the numerical model. 
Diffusion Coefficients for the System 
To get better results with the use of the Nernst-
Planck equation in the mixed-bed ion-exchange model, 
better effective diffusivity should be chosen to fit the 
actual ion-exchange data. Helfferich (1965) found the 
most appropriate effective system diffusivity, and his 
derivations were thought to support the use of a constant 
effective system diffusivity for mixed bed. Tittle 
(1981) also used flux equations with a constant system 
1.0 
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diffusivity to model the mixed bed. From Equations (4) 
and (5), better diffusion coefficients of each ionic 
species are needed to get better effective system 
diffusivity which is not constant because the effective 
system diffusivity is a function of concentrations of 
ions. Figure 22 shows that the ionic-diffusion 
coefficient of each species from experiments appears to 
be much lower than the diffusion coefficients in the 
literature (Table V). Since uncertainty exists in the 
numerical value of effective diffusivity, the ionic-
diffusion coefficients of single ions can be chosen to 
best fit the actual mixed-bed ion-exchange data to the 
model of Raub and Foutch (1986a). 
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To choose the ionic-diffusion coefficients, the 
order of magnitude of the values is changed from the 
values in the literature. When all of the coefficients 
are scaled down by a factor of ten, most plots of the 
theoretical results are close to the experimental data. 
By trial and error, the ionic-diffusion coefficients of 
sodium and chloride are determined as shown in Table VI. 
The coefficients in Table VI coincide with the results of 
Harries (1988) that the mass transfer coefficient varies 
with solution pH. The diffusion coefficients of hydrogen 
and hydroxide are constant. 
TABLE VI 
IONIC-DIFFUSION COEFFI~SENT~ IN THE SYSTEM 
(VALUES IN 10 CM /SEC) 
cation/Anion DNa Del DH 
1/2 0.167 0.143 0.934 
1/1.5 0.165 0.145 0.934 
1/1 0.162 0.152 0.934 
1. 5/1 0.160 0.155 0.934 
2/1 0.158 0.157 0.934 
3/5 0.166 0.144 0.934 
3/1 0.156 0.160 0.934 
1/3 0.170 0.140 0.934 
5/3 0.159 0.156 0.934 
6/0 0.100 0.200 0.934 













The breakthrough curves from the model with new 
ionic-diffusion coefficients in Table VI are compared 
graphically with the curves for each run of the 
experiment. The example plot is shown for the case of 
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cationjanion resin ratio of 3.0 gf3.0 g in Figure 23. 
The relatively good fit of the theoretical curve and the 
experimental data for the mixed-bed ion exchange provides 
a verification of the theoretical model. Although the 
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fit for the chloride breakthrough curve is not very good, 
the theoretical curves represent the general shape of the 
data. 
As the effective system diffusivity is not constant, 
the ionic-diffusion coefficients may not be constant, but 
a function of ion concentration in liquid phase. The 
ionic-diffusion coefficients are expressed as a function 
of ionic concentration for several trials. Linear, 
quadratic, or exponential equations were considered, but 
a linear equation is assumed to simplify the relationship 
between ionic-diffusion coefficient and ionic 
concentration as 
and 
where ai's and bi's are constants with dimensions of 
cm2jsec and cm5jsecjmeq., respectively. 
(9) 
By trial and error, the constants of ai and bi in 
ultra-low solution concentration are obtained as shown in 
Table VII. The constants fit best all of the 
experimental data when the system is simulated using the 
model of Haub and Foutch (1986a). Thus, the correlation 
equations can be used for all of the cation-to-anion 
resin ratio in this system. The sample plot for the 
cation/anion resin ratio of 3.0 g/3.0 g is shown in 
Figure 24. 
TABLE VII 
CONSTANTS FOR IONIC-DIFFUSION COEFFICIENTS 









A new set for resin ratios or correlation equations 
of ionic-diffusion coefficients gives relatively good 
fits for the mathematical model. However, the literature 
data (Robinson and Stokes, 1959) were obtained from 
experiments, and other experiments (Tyrell and Harris, 
1984) support the data. The change of the order of 
magnitude of the data in order to fit the experimental 
results to the model without clear understanding as to 
why this may be true needs to be seriously considered. 
Thus, the mass-transfer coefficients for packed beds of 
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Mass-Transfer Coefficients for the System 
Van Brocklin and David (1972) described general 





(Sc)-2 / 3 (Re)n (10) 
The correlation equations (2) and (3) of Carberry (1960) 
and Kataoka, et al. (1972), respectively, which were used 
by Haub and Foutch (1986a), are those of the form of 
Equation (10). In a low Reynolds number region of less 
than 1.0 in these experiments, Equation (3) will give 
better correlation equations than Equation (4). The 
exponent -2/3 of Reynolds number in Equation (3) is also 
the same as the exponent of Pfeffer (1964) who obtained 
the mass-transfer coefficient correlation for fixed and 
fluidized beds at low Reynolds numbers. 
The mass-transfer coefficient is related to the 
ionic-diffusion coefficient and film thickness in liquid 
phase. As the hydrodynamic factor, i.e., film thickness, 
increases, the exchanging ions diffuse through a thicker 
layer, and the observed mass-transfer coefficient 
decreases. Harries and Ray (1984) showed that the mass-
transfer coefficient of chloride exchange is a function 
of influent concentration. For new anion resins in m1xed 
bed, the mass-transfer coefficient slightly increased 
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with influent concentration. For used anion resins in 
mixed bed, the linear relationship between mass-transfer 
coefficient and the logarithm of influent concentration 
was observed (Harries, 1988). The mass-transfer 
coefficient is lower for the lower influent concentration 
because the film thickness increases as the influent 
concentration decreases. 
The correlation equations of Kataoka, et al. 
(1973a), were obtained from higher influent concentration 
of 0.01 N than that of 0.0001 N of these experiments. 
Thus, the mass-transfer coefficients need to be reduced 
for the system. To keep the general form of the equation, 
the constant A in Equation (3) is corrected to fit the 
experimental results. The new constant A for sodium and 
chloride exchange is determined by trial and error with 
the constant ionic-diffusion coefficients of Robinson and 
Stokes (1959). The results are shown in Table VIII. 
Table VIII shows the variation of constant A, and 
Figures 25 through 43 show the comparison between model 
predictions and experimental results. The values of A in 
Table VIII coincide with the results of Harries (1988) 
that the mass-transfer coefficient varies with solution 
pH. The mass-transfer coefficient of chloride exchange 
is high at low pH and low at high pH, and the mass-
transfer coefficient of sodium exchange is high at high 
pH and low at low pH. 
t.O 
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Figure 27. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.0 g/6.0 g 
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Figure 28. Deviations of Theoretical and Experimental Results 
for cation/Anion Resin of 1.2 gfl.S g 



































0 + Experimental Results 
Theoretical Results 
140 160 180 200 220 
Volume Treated (liter) 
Figure 29. Deviations of Theoretical and Experimental Results 
for cation/Anion Resin of 2.4 g/3.6 g 
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Figure 30. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.6 g/5.4 g 
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Figure 31. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 1.5 g/1.5 g 
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Figure 32. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.0 g/3.0 g 
with new constants in Table VIII 
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Figure 33. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 4.5 g/4.5 g 



























































4/ v Sodium Chloride c + Experimental Results - ------ Theoretical Results 
+ 
I I I I I I I I I I I I I I I I I I 
20 40 60 80 100 120 140 160 180 
Volume Treated (liter) 
Figure 34. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 1.8 g/1.2 g 











































































C + Experimental Results 
Theoretical Results 
r-- ·-- r ----r---1 
20 40 60 BO 100 120 140 160 180 200 220 
Volume Treated (liter) 
Figure 35. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.6 g/2.4 g 
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Figure 36. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 5.4 g/3.6 g 
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Figure 37. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 2.0 g/1.0 g 
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Figure 38. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 4.0 g/2.0 g 
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Figure 39. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 6.0 g/3.0 g 
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Figure 40. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.0 g/5.0 g 























rot ... ... 










C Experimental Results 
---- Theoretical Results 
r 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~-. 
60 80 100 120 140 160 180 200 220 240 
Volume Treated (liter) 
Figure 41. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 3.0 gfl.O g 


















B o.4 .,. 
c 













1- Experimental Results 
Theoretical Results 
140 160 180 200 
Volume Treated (liter) 
220 
Figure 42. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 1.0 g/3.0 g 
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Figure 43. Deviations of Theoretical and Experimental Results 
for Cation/Anion Resin of 5.0 g/3.0 g 






CONSTANTS FOR MASS-TRANSFER COEFFICIENTS 
IN THE SYSTEM 
Cation/Anion Sodium Exchange Chloride Exchange 
1/3 0.55 0.37 
1/2 0.50 0.38 
3/5 0.49 0.38 
1/1.5 0.47 0.39 
1/1 0.45 0.39 
1. 5/1 0.43 0 0 41 
5/3 0.42 0.41 
2/1 0.40 0.42 
3/1 0.38 0.45 
123 
From Table VIII, it is shown that the constant A for 
sodium exchange decreases and that for chloride exchange 
increases as the cation-to-anion resin ratio increases. 
Thus the constant A may be expressed as a function of 
cation-to-anion resin rat1o by curve fitting. S1nce the 
constant for chloride exchange increases almost linearly 
as a function of cation-to-anion resin ratio, a linear 
equation is adapted (Figure 44). The constant for sodium 
exchange does not decrease linearly, so polynomial, 
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Figure 44. Curve Fit of Constant A and Cation-to-Anion 
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Figure 45. Curve Fit of Constant A and Cation-to-Anion 





logarithmic equation is found to best fit the data 
(Figure 45). The relationships between the constant A 
and cation-to-anion resin ratio for sodium exchange and 
chloride exchange, respectively, are expressed as 
A= 0.45445- 0.16786 *log (RC/A), 
and 
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A = 0~36443 + 0.028411 * RC/A (11) 
where RC/A is the cation-to-anion resin ratio. 
Some high effluent concentrations are exhibited at 
the very beginning of the cases with smaller amount of 
either cation or anion resin. This is probably partly 
due to the low ionic-diffusion coefficients or mass-
transfer coefficients instead of the insufficient contact 
between the resin and solution because of the shallow-bed 
technique. This is shown in Figure 46 for the case of 
cation/anion resin ratio of 1.5 g/1.5 g. Although 
insufficient contact is expected, both sodium and 
chloride concentrations from theoretical results are 
slightly higher at the beginning portion of the 
breakthrough curves than the experimental results. 
The crossover point is described as a function of 
the cation-to-anion resin ratio. The lower the cation-
to-anion resin ratio, the higher the C/Co value of the 
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Figure 46. The Effect of Insufficient contact Between 






experimental results agree favorably with the model 
prediction of Haub and Foutch (1986a). Sample 
comparisons between experimental results and model 
predictions for the case of cation/anion resin ratio of 
3.0 g/3.0 g can be obtained from Figures 23 and 24. The 
crossover points of sodium and chloride breakthrough 
curves in these Figures are at 76 and 82 liters, and 
CfCo = 0.22 and 0.26, respectively. In Figure 32, the 
crossover point is at 80 liter and C/Co = 0.23. These 
values are a little larger than the values in Table III, 
but the trends look reasonable. 
Finally, two possible reasons for the relative lack 
of agreement between experimental and theoretical results 
can be considered. One is error in experimental data for 
the mixed-bed ion exchange, and the other is inadequacies 
of the theoretical model. The first possibility seems 
unlikely in this study, especially in view of the 
reproducibility of the data. The second possibility 
seems more likely, although the model generally describe 
the phenomena, and the new ionic-diffusion coefficients 
and the mass-transfer coefficients are suggested to 
better fit the actual data. A more complete mechanism 
with less assumptions, possibly involving particle 
diffusion as well as film diffus1on, will be required to 
improve the model. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
The results and discussion of this study are 
summarized, and some experimental and theoretical efforts 
are suggested for future studies. 
Conclusions 
In light of the experimental results for the upward 
flow mixed-bed ion~exchange column to obtain effluent 
concentrations as a function of time and column position, 
the following conclusions can be drawn in this study: 
1. Breakthrough curves are obtained as a function 
of bed depth using the same cation-to-anion resin ratio 
and different total resin weight. The bed depth affects 
the pattern of the sodium breakthrough curve but not the 
chloride breakthrough curve in beds because of the 
selectivity difference. 
2. Resin selectivity determines the shape of 
breakthrough curves. Some sodium and chloride 
breakthrough curves cross at a point as a function of 
resin ratio. The lower cation-to-anion resin ratio shows 
the higher effluent concentration of the crossover point. 
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3. The anion resin affects the sodium breakthrough 
curve, and the cation resin affects the chloride 
breakthrough curve. The large amount of oppositely-
charged resin gives a sharper breakthrough while the 
small amount gives a wide breakthrough curve. This is 
due to the difference of mass transfer coefficient of 
ions in alkaline and acidic solution. 
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4. A totally segregated bed shows the effect of bed 
homogeneity. The resultant lower or higher mass transfer 
coefficient of ions in solution affects the shape of the 
sodium and chloride breakthrough curves. This trend is 
also observed in a homogeneous bed of either cation or 
anion resin. 
5. since the ionic-diffusion coefficients in the 
literature are much larger than the values from the 
experimental results, a set of an order of magnitude 
lower coefficients gives reasonable fit for this mixed-
bed ion exchange as a function of cation-to-anion resin 
ratio. 
6. A correlation equation of the ionic-diffusion 
coefficients of an order of magnitude lower gives 
reasonable fit as a function of ionic concentration. 
This linear equation can be used for all of the cation-
to-anion resin ratio in this system. 
7. The nonionic mass-transfer coefficients for 
packed beds are suggested for this system. The constant 
from the correlation of Kataoka, et al., (1972) was 




The above results describe only the effect of the 
variation of the cation-to-anion resin ratio. To 
understand the mixed-bed ion exchange process well, the 
following recommendations are suggested for comprehensive 
study: 
1. This study has determined the effect of cation-
to-anion resin ratio. The mathematical model can predict 
the variation of the cation and anion resin diameters and 
size distributions. Experimental data are needed to test 
the model. 
2. To get the full capacity of the resin, 
incomplete resin regeneration, or incomplete resin 
separation before regeneration should be avoided. Thus, 
the so-called "Triobed" system, which utilizes an 
intermediate layer of inert polymer having an 
intermediate density between the top anion resin and the 
bottom cation resin, is used to separate the mixed bed 
perfectly by an upflow expansion when exhausted. This 
system reduces the effect of regenerant on the opposite 
resin when the mixed bed is not completely separated. 
Thus, the effect of inert polymer can be investigated by 
studying the incomplete resin separation and 
regeneration. 
3. In a condensate polishing process with low 
influent impurities, maximum effluent purity and high 
flow rates, cation resins create no problem, but anion 
resins exhibit serious kinetic deterioration after a 
short service life, sometimes as little as six months. 
Replacement of resin is required every four or five 
years. Thus, the kinetic deterioration of anion resin 
should be studied. 
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4. Using an old base resin, Harries (1988) showed 
that the organic fouling, cross contamination during 
regeneration, and age of anion exchange resin affect the 
mass-transfer coefficient. Organic foulants at the bead 
surface disturb ionic species diffusing from and to the 
bulk solution, so affect the rate-controlling step. 
Thus, the effect of used and new resins can be studied to 
show bead surface chemistry. The bead surface properties 
of the used anion res1ns are more deter1orated than that 
of the new resins while the bulk resin properties of two 
resins are similar. 
5. Harr1es and Tittle (1986) showed that the mass-
transfer coefficients are dependent on the type of the 
resin. Thus, the kinetics as a function of resin type 
need to be investigated. 
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6. Harries (1988) showed the effect of pH on cation 
and anion-exchange rates in solution phase. The cation 
exchange is faster in an alkaline solution, while the 
anion exchange is rapid in an acidic medium. This 
coincides with the experimental results of this study. 
The new constants for the correlation equation of 
Kataoka, et al. (1972), were suggested in this study as a 
function of cation-to-anion resin ratio. The resin ratio 
influences solution pH, and then the mass-transfer 
coefficients. Thus, the model, which includes the 
variation of pH and feed concentration, will more 
accurately predict the behavior of the breakthrough 
curve. 
7. Liquid phase exchange model is important in the 
mixed-bed ion-exchange process since this process usually 
deals with low ionic concentrations. However, a correct 
resin phase transfer model is also needed to predict bed 
performance accurately. 
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ERROR ANALYSIS FOR THE SYSTEM 
Any experimental measuring device has certain 
uncertainties associated with it. Most uncertainties for 
the equipment have been determined through the repeated 
experimental analysis. The errors caused by the system 
are analyzed in this section. The errors of ion 
chromatography and mixed-bed ion-exchange column make the 
whole system error. 
Accuracy of Ion Chromatography Analysis 
The accuracy of the ion chromatographic analysis was 
checked regularly through t~e experiments. This was done 
by injecting the same samples three times successively. 
The selected chromatograms were compared with each other 
in terms of the peak heights and the ionic concentrations 
calculated. Table IX shows an example calculation of the 
analysis. The effluent sodium and chloride 
concentrations in this Table are for the case of 
cationjanion resin ratio of 3.0 g/3.0 g. This is when 
the 90.0 liter of solution was treated. The maximum 
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deviation from average and the standard deviation are 
shown to be 2.61 % and 0.0065, respectively. 
TABLE IX 
ACCURACY OF ION CHROMATOGRAPHY ANALYSIS 
Breakthrough C/Co Deviation from Standard 
Curve Average (%) Deviation 
Sodium 0.354 -2.61 
0.342 0.87 
0.339 1. 74 
0.0065 




Experimental Error for the System 
The reproducibility of the experimental data was 
evaluated by the cation/anion resin ratio of 3.0 g/3.0 g, 
which is shown in Figure 23. By taking the maximum 
concentration difference of the breakthrough curves, the 
difference was found to be less than 3.0 %. 
The accuracy of reading the weights of the sodium 
chloride crystals by the electronic balance was estimated 
to be ± 0.0003 g. The reading of 0.0584 g NaCl to make 
feed solution of 10-4 M gives an error of 0.51 %. 
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Preparation of standard solution for the ion 
chromatography caused the biggest error because 0.0029 g 
of NaCl needed to be measured for the calibration of 
CfCo = 0.05. However, concentration plots in Figures 4 
and 5 show the linear relationship between peak height 
and ion concentration. For attenuation 10 in Figure 4, 
which has the biggest deviation between line and data, 
the slope is found to be 163.8 with standard deviation of 
1.59. Thus, the error for the calibrat1on of peak height 
is less than 0.97 %. 
The measurement accuracy of pure water to a 10 liter 
carboy is estimated to be ± 50 ml, so the error for water 
measurement is 0.5 %. The maximum deviation of the 
solution flow rate in Figure 6 for the case of 
cationfanion resin ratio of 3.0 g/3.0 g was 3.9 %, and 
the standard deviation was found to be 0.00649. 
The dry resin was very accurately measured with the 
maximum error of 0.03 % for 1.0 g of either cation or 
anion resin. As pointed out in Chapter III, air dry 
cation and anion resins have moisture contents of 4.9 % 
and 5.9 %, respectively, and the measurement can vary day 
to day. However, dry resins which were equilibrated with 
atmosphere in the laboratory showed an almost consistent 
weight measurement with a difference of less than 0.5 % 
when they were measured one month apart. 
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The temperature variation will affect the resin 
selectivity coefficients, ionization constant for water, 
bulk phase viscosity, and ionic diffusion-coefficients in 
the system. The variation of ± 2°C at 23°C shows the 
maximum deviation of 2.05 %, 0.48 %, 4.8 %, and 3.5 %, 
respectively. The average error of 3.1 % is estimated to 
the temperature variation. 
From the above considerations, the cumulative error 
of preparation of feed solution, preparation of standard 
solution, measurement of dry resin weight, measurement of 
solution flow, temperature variation, and the analysis of 
ion chromatography is found to be ± 5.78 %. 
APPENDIX B 
EXPERIMENTAL RESULTS 
The data of the sodium and chloride breakthrough 
curves are presented in the following Table as a function 
of solution volume treated. 
TABLE X 
EXPERIMENTAL RESULTS 
Volume Treated Ionic Concentrations (C/CO) 
(Liter) Sodium Chloride 
(Cation/Anion = 1.0 g/2.0 g) 
10.7 0.23 0.025 
20.0 0.30 0.057 
30.1 0.41 0.13 
37.4 0.49 0.21 
47.5 0.61 0.46 
55.6 0.74 0.61 
65.9 0~89 0.88 
75.4 0.96 0.98 
82.2 0.99 1.0 
90.0 1.0 
(Cation/Anion = 1.2 g/1.8 g) 
8.7 0.13 0.028 
14.0 0.16 0.041 
20.9 0.23 0.059 
30.0 0.31 0.22 
33.9 0.37 0.28 
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TABLE X {Continued) 
Volume Treated Ionic Concentrations (C/Co) 
(Liter) Sodium Chloride 
41.8 0.47 0.43 
50.4 0.59 0.55 
55.4 0.69 0.72 
63.7 0.81 0.92 





{Cation/Anion = 1.5 g/1.5 g) 
8.6 0.14 0.035 
13.8 0.15 0.04 
20.6 0.20 0.082 
29.6 0.25 0.24 
33.4 0.29 0.31 
41.3 0.41 0.58 
49.9 0.51 0.65 
54.8 0.52 0.81 
63.3 0.62 0.92 







{Cation/Anion = 1.8 g/1.2 g) 
9.1 0.12 0.068 
14.7 0.17 0.13 
22.0 0.21 0.21 
31.7 0.26 0.49 
35.8 0.31 0.71 
44.2 0.39 0.91 






TABLE X (Continued) 
Volume Treated Ionic Concentrations (C/Co) 







(Cation/Anion = 2.0 g/1.0 g) 
8.5 0.065 0.072 
13.7 0.095 0.17 
20.4 0.14 0.28 
29.5 0.19 0.59 
33.2 0.21 0.78 
41.0 0.26 0.97 














(Cation/Anion = 2.0 g/4.0 g) 
3.2 0.047 0.001 
9.2 0.048 0.003 
12.8 0.048 0.005 
18.4 0.052 0.008 
22.0 0.057 0.01 
31.5 0.085 0.025 
36.6 0.092 0.016 
40.3 0.10 0.02 
45.4 0.12 0.023 























TABLE X (Continued) 

































































































TABLE X (Continued) 
Volume Treated 
(Liter) 






















































































































TABLE X (Continued) 
Volume Treated Ionic Concentrations (C/Co) 


























































































TABLE X (Continued} 
Volume Treated Ionic Concentrations (C/Co} 
(Liter) Sodium Chloride 
(Cation/Anion = 4.0 g/2.0 g) 
3.3 0.007 0.001 
9.6 0.011 0.001 
13.4 0.013 0.002 
19.2 0.018 0.004 
23.0 0.016 0.009 
32.8 0.024 0.035 
38.2 0.032 0.043 
41.9 0.038 0.14 
47.3 0.045 0.23 
53.1 0.075 0.43 
59.6 0.11 0.85 
64.1 0.10 0.94 
69.9 0.11 0.99 






















(Cat1onjAnion = 3.0 g/6.0 g) 
5.5 0.015 0.000 
13.7 0.02 0.000 






























TABLE X (Continued) 









































































































TABLE X (Continued) 







































































































































































































TABLE X (Continued) 
Volume Treated Ionic Concentrations (C/Co) 






































































































































Ionic Concentrations (C/Co) 
Sodium Chloride 









































TABLE X (Continued) 
Volume Treated 
(Liter) 
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Ionic Concentrations (C/Co) 
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